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ABSTRACT 

The aim of this thesis is to evaluate the role of left atrial function in clinical practice based on 

the following studies: 

1) Determining left atrial (LA) structure and myocardial function measurements that predict 

pulmonary capillary wedge pressure (PCWP). 

2) Identifying predictors of exercise capacity in patients with HFpEF and right ventricle 

(RV) dysfunction. 

3) Evaluating the relationship between LA stiffness (LASt) and cardiac events in HF patients 

with reduced to mid-range ejection fraction. 

4) Investigating the relationship between DM and LA remodelling in a group of patients with 

HF and reduced ejection fraction (HFrEF), and their combined impact on cardiac events. 

 

Study I 

Methods: This is a meta-analysis study. All electronic databases were searched up to December 

2018 for studies on the relationship of LA diameter, LA volumes, peak atrial longitudinal strain 

(PALS), peak atrial contraction strain (PACS) and total emptying fraction (LAEF) with PCWP. 

Eighteen studies with 1343 patients were included. Summary sensitivity and specificity (with 95% 

CI) for evaluation of diagnostic accuracy and the best cut-off values for different LA indices in 

predicting raised PCWP were estimated using summary receiver operating characteristic analysis.  

Results: The pooled analysis showed association between PCWP and LA diameter: Cohen’s d = 

0.87, LAVI max: d = 0.92 and LAVI min: d = 1.0 (p < 0001 for all). A stronger correlation was 

found between PCWP and PALS: d = 1.26, and PACS: d = 1.62, total EF d = 1.22 (p < 00001 for 

all). PALS ≤ 19% had a summary sensitivity of 80% (65 - 90) and summary specificity of 77% 

(52 - 92), and diagnostic odds ratio (DOR) > 15.1, whereas LAVI ≥ 34 ml/m2 had summary 

sensitivity of 75% (55 - 89) and summary specificity 77% (57 - 90), and DOR > 10.1 in predicting 

elevated PCWP.  
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Conclusion: Compromised LA myocardial function and increased size predict raised cavity 

pressure. These results should assist in optimizing the follow-up clinical management of patients 

with fluctuating LA pressure.  

Study II 

Methods: In 143 consecutive patients with HFpEF (age 62 ± 9 years, LV EF ≥45) and 41 controls, 

a complete echocardiographic study was performed. In addition to conventional measurements, 

LA compliance was calculated using the formula: [LAV max - LAV min/LAV 

min × 100]. Exercise capacity was assessed using the six-minute walking test (6-MWT). Tricuspid 

annular plane systolic excursion (TAPSE) < 1.7 cm was used to categorize patients with 

RV dysfunction (n = 40) from those with maintained RV function (n = 103). 

Results: Patients with RV dysfunction were older (p=0.002), had higher NYHA class (p= 0.001), 

higher LV mass index (p = 0.01), reduced septal and lateral MAPSE (p < 0.001 for all), enlarged 

LA (p = 0.001) impaired LA compliance index (p < 0.001) and exhibited a more compromised 6-

MWT (p = 0.001). LA compliance index correlated more closely with 6-MWT (r = 0.51, p 

< 0.001) compared with the other LA indices (AP diameter, transverse diameter and volume 

indexed; r = -0.30, r = -0.35 and r = -0.38, respectively). In multivariate analysis, 

LA compliance index < 60% was 88% sensitive and 61% specific AUC = 0.80 (CI = 0.67 - 0.92; 

p = 0.001) in predicting exercise capacity. 

Conclusion: Impaired LA compliance was profound in patients with HFpEF and 

RV dysfunction and seems to be the most powerful independent predictor of 

limited exercise capacity. 

 

Study III 

Methods: This study included 215 consecutive ambulatory heart failure (HF) patients with 

ejection fraction (EF) < 50% (162 HF reduced EF (HFrEF) and 53 HF mid-range EF HFmrEF)) 

of mean age 66 ± 11 years and 24.4% were females. Peak LA strain (PALS) was measured by 

speckle tracking echocardiography and E/e' recorded from the apical four-chamber view. Non-

invasive left atrial stiffness (LASt) was calculated using the equation: LASt = E/e' ratio/PALS. 

Documented cardiac events (CE) were HF hospitalization and cardiac death. 
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Results: During a median follow up of 41 ± 34 months, 65 patients (30%) had CE. In multivariate 

analysis model, only raised LV filling pressure (E/e'), OR=2.292, (95% CI 2.099 to 2.859; p= 

0.02), peak pulmonary artery pressure (PAP), OR = 1.050 (1.009 to 1.094; p= 0.01), PALS (OR = 

0.932 (0.873 to 0.994; p = 0.02) and LASt OR = 3.781 (1.144 to 5.122; p = 0.001) independently 

predicted CE. LASt ≥ 0.76% was the most powerful predictor of CE, with 80% sensitivity, 73% 

specificity and AUC = 0.82, (CI = 0.73 to 0.87; p < 0.001) followed by PALS ≤ 16%, with 74% 

sensitivity, 72% specificity and AUC=0.77, (CI = 0.71 to 0.84; p < 0.001). These results were 

consistent irrespective of EF (p < 0.05).  

Conclusion: In a cohort of ambulatory HFrEF and HFmrEF patients, left atrial stiffness proved 

the most powerful predictor of clinical outcome.  

Study IV 

Methods. This study included 136 consecutive HFrEF patients (65 ± 11 years), 36 had DM and 

86 had increased LA stiffness (LASt). All patients underwent complete conventional and tissue 

Doppler echocardiographic examinations and measurements were made including LA volumes 

and function. LASt was calculated using the formula: LASt = E/e’ratio / LA strain.  

Results. At 55 ± 37 months follow-up, free survival from CE was 69% in patients without DM 

and 44.4% in those with DM (p < 0.0001). The CE free-survival was lower in patients with 

increased LASt compared to normal LASt, (50 vs. 80%; p < 0.001), irrespective of the presence 

of DM (27 vs. 71%, p <0 .001). The best cut-off LASt value for predicting CE in the group as a 

whole was ≥ 0.82% [81% sensitivity, 72% specificity and AUC 0.82 (p < 0.001)]. LASt ≥ 0.82% 

also predicted CE in patients without DM [78% sensitivity, 71% specificity and AUC 0.80 (p < 

0.001)] and was the strongest predictor in DM patients [85% sensitivity, 71% specificity and AUC 

= 0.847 (p < 0.001)]. 

Conclusion. High LA stiffness is associated with poor clinical outcome in patients with heart 

failure and reduced ejection fraction. Diabetes has an additional incremental value in determining 

clinical outcome in those patients. 
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MR Mitral regurgitation 

MRI Magnetic resonance imaging 

NYHA New York Heart Association 

s’ Systolic myocardial velocity 

STE Speckle tracking echocardiography  
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INTRODUCTION 

 

Since pre-Hyppocratic time many scientists and physicians have contributed significantly to 

today’s knowledge of the human cardiac anatomy. Herophilus known as “father of anatomy”, was 

one of the first to believe that the heart is made up of four chambers, which was later described 

accurately by Leonardo da Vinci [1]. 

The heart is a muscular organ located, in the thorax, behind the sternum. It pumps blood via 

circulatory system, supplying oxygen and nutrients to the body and removing carbon dioxide and 

other wastes. The heart is divided into 4 chambers: the right atrium; the right ventricle; the left 

atrium and the left ventricle. The left atrium (LA) is a small chamber with thin walls. It receives 

oxygen-rich blood from the pulmonary system and pumps it into the left ventricle. The two left 

sided heart chambers have many unique histological features including internal architectures and 

their relationship with cardiac and non-cardiac structures. Understanding cardiac chamber 

anatomy and physiology and their relationship with each other is of pivotal importance for overall 

cardiac function clinical implication [2].  

LEFT ATRIAL ANATOMY 

The upper chambers of the human heart were anatomically described since Medieval European era 

(1400 A.D), and they were given the name “atrium”, from a Latin that refers to a central room in 

a Roman house from which one could enter several chambers [3]. Based on this, for many decades 

the atria were evaluated only as conduit chambers, rather than pumps.  

The left atrium is located at the base of the heart and more posterior compared to other heart 

chambers. It can also be described as being oriented posterior to its right counterpart ‘the right 

atrium’. Hence, when the heart is viewed from a frontal aspect of the chest, the LA appendage 

(LAA) is the only part of the LA that is visible and which twists around the left side of the 

pulmonary trunk [4]. The LA is separated from the right atrium by a fibromuscular wall known as 

the inter-atrial septum (IAS), which is located obliquely. Likewise, each atrium is separated by the 

atrioventricular septum from the corresponding ventricle. Unlike the inter-atrial and inter-

ventricular septum, the atrioventricular septum is fitted with valves (left and right atrioventricular 

valves) that direct blood flow from the upper (atria) to the lower (ventricles) chambers.  
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The inter-atrial septum is marked by a small oval-shaped depression called fossa ovalis. This is 

the residue of the foramen oval during fatal circulation, which allows right to left shunting of blood 

bypassing the lungs. The pulmonary veins enter the posterior part of LA with the right veins 

located more inferior than the left veins. The transverse pericardial sinus is the tunnel-shaped and 

transverse communication between the left and right parts of the pericardial space, behind the two 

outflow arteries of the heart, the aorta and the pulmonary artery. In turn, the oesophagus, tracheal 

bifurcation and descending thoracic aorta are located behind the pericardium, overlying the 

posterior aspect of the LA. Further behind are the thoracic spine and their surrounding structures 

[3, 4].  

 

Figure 1. The anatomy of 

LA; A) The anterior wall of 

the LA viewed from behind. 

The probe location is 

introduced from orifice of the 

anterior caval vein; B) The 

central body of LA 

surrounded by its structures.  

Found at study Anderson et 

al. and reproduced with his 

permission [6]. 

 

The walls of the LA are muscular and based on McAlpine suggestion they can be described as 

posterior, anterior, superior, left lateral and medial (septal). The anterior wall of LA is located 

posterior to the pericardial sinus which is directly behind the aortic root. The posterior border of 

LA receives the terminal parts of pulmonary veins from each lung. However, the superior wall of 

the LA is in the close relationship with the pulmonary trunk and the right pulmonary artery 

bifurcates. The anteroinferior part of LA conjoins the base of the LV at the level of the mitral 

valve.  
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In an external view, the coronary sinus and the great cardiac vein are found inferior and on the 

posterior wall of LA surrounding the left atrioventricular sulcus. The LA is relatively smooth-

walled on its internal aspect, but its muscular walls are not uniform in thickness. The thickness of 

superior wall ranges approximately from 3.5 to 6.5 mm, while the lateral wall thickness ranges 

from 2.5 to 4.9 mm, and the anterior wall, located posterior to aortic root, ranges between 1.5-4.8 

mm. The thickness of posterior wall of the LA, including its inferior part is approximately 2.5-5.3 

mm and tends to become thinner toward the orifices of the left and right pulmonary veins [5]. 

Cavity structure of LA  

The main body of the LA comprises of the pulmonary venous portion, a septal portion, an inferior 

vestibule and a distinctive appendage that is like a pouch extending from the main body of LA. 

Except the appendage that has an aperture from the atrial body, the other component parts do not 

have clear anatomic demarcations [6]. 

LA appendage  

The left atrial appendage (LAA) is considerably smaller and not so prominent compared to its 

counterpart on the right side. It is smaller, narrower but longer and is more curved than the right 

appendage. The LAA is the most superior structure within the left atrium. Its tip occupies variable 

positions overlying the base of the pulmonary trunk, the left coronary artery and great cardiac vein. 

In external view, the LAA shows multiple crenelations with wide variation in the number and 

arrangement of lobes or branches. In contrast to the right atrium, the LA lacks a terminal crest so 

the intersection of the LAA with the atrial body is not identified by a crest or groove. Instead, the 

LAA connects with the LA through a small oval shaped ostium with a mean long diameter of 17.4 

+ 4.0 mm and short diameter of 10.9 + 4.2 mm [6, 8].  

In addition to the size of the ostium, the different three types of ostium and neck of LAA are of 

significant importance. Horn-shaped when the neck of LAA is narrower than the ostium; parallel 

tube, when the ostium and neck are similar in size and angel wing when the LAA neck is wider 

than the ostium [4, 7].  
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Inter-atrial septum 

The anterior part of the inter-atrial septum (IAS) is closely related to the aortic root through the 

transverse pericardial sinus. Structurally, IAS is more complex than it appears at first look. When 

observed from inside the LA cavity the septal component merges into the posterior wall, roof and 

vestibule. Historically, the septum was described as the largest part of the atrium and surrounded 

by many structures including inferiorly, the ostium of the inferior vena cava; anteriorly, the right 

atrioventricular ring; antero-inferiorly, the orifice of the coronary sinus; superiorly, the inferior 

vena cava; antero-superiorly, the non-coronary sinus of Valsava and posteriorly; the fold of the 

atrial wall.  

Subsequently, it was recognized that this anatomical description needed updating. The true septum 

was sorted after and it was designated as the floor of the oval fossa and the infero-anterior aspect 

of its muscular rim which surrounds it.  This structure, which is known as the primary septum, or 

more commonly the flap valve, represents the floor of the oval fossa. It is embryologically derived 

from the septum primum [8]. The remainder of the flap valve integrates into the para-septal atrial 

wall; thus, the oval fossa overlays the embryonic septum secundum, which is defined by the 

elevated muscular limbus that is located on the right atrial side of the septal component. The 

incomplete fusion of the septum primum and secundum was first described by Krishnan and 

Salzar. This incomplete fusion of the caudal aspect of septum primum and secundum results in a 

septal pouch, which is considered a normal variant of the septal component, as it is seen in more 

than 50% of healthy population [5, 8]. 

The venous component and the LA ridge  

The venous component receiving the proximal parts of pulmonary veins is found at the posterior 

aspect of the LA. The orifices of the right veins are positioned more inferiorly than the left veins. 

When the arrangement of the four pulmonary veins is typical, the inferior venous orifices are 

located more posteriorly than the superior venous orifices. The orifices of the right pulmonary 

veins are found adjacent to the plane of the inter atrial septum. 
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Figure 2. Structure of the left atrium.   

A) The true septal structures are the flap valve forming the floor of the oval fossa and its point of mooring at the 

antero-inferior rim. B) Four pulmonary veins (stars) enter each of the corners of the atrial roof. Found at 

study Anderson et al. and reproduced with his permission [6]. 

The pulmonary veins stretch posteriorly to their respective venae cave. The right superior 

pulmonary vein travel between the right atrium and the superior vena cave while the right inferior 

pulmonary vein runs posterior to the inter-caval area. However, approximately 30% of normal 

hearts have some variations in the morphology of the pulmonary veins. The structural boundary 

separating the veins and the atrium at the veno-atrial junction, is not usually clear. At this site, 

because no true valve exists, the atrial musculature extends to cover the outer part of the pulmonary 

veins. These muscular extensions constitute myocardial creeks that are thickest in the superior 

walls of the inferior pulmonary veins and the inferior wall of the superior pulmonary veins [6]. 

The vestibule and the mitral isthmus  

The vestibule, is a smooth zone without pectinate muscles and supports the leaflets of the mitral 

valve. Posteriorly, it supports the coronary sinus, located in the atrioventricular groove. The distal 

border of the vestibule from the endocardial view could be seen as part of the mitral valve, whereas 

the proximal border is clearly not defined, especially in the septal, anterior and inferior parts. The 

left atrioventricular orifice is smaller compared to right atrioventricular orifice. The area between 

the orifice of the inferior pulmonary vein and mitral hinge line, represents the mitral isthmus [5]. 
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LEFT ATRIAL MYOCARDIAL HYSTOLOGY 

Although the body of the LA has relatively smooth walls, their architecture is more complex. Its 

thickness and microarchitecture are different and myocardial fibres have irregular arrangement in 

alignment which often changes at different depths within the atrial walls. Microarchitecture shows 

parallel alignment of fibres along visible muscle bundles such as interatrial band (known also as 

the Bachmann’s bundle) and terminal crest. Within the smooth wall of the LA, the orientation of 

the muscular fibres has pronounced transmural change. Mixed arrangements and immediate 

changes in orientation are common between bundles. Except Banchmann’s bundle, the muscular 

bridges which provide interatrial connections as well as LA with coronary sinus and inferior vena 

cava, are highly not homogeneous and common in the normal heart [9]. The muscular bundles are 

intricately intertwined and orientated circumferentially and longitudinally. The longitudinal 

muscular bundles are deep fibres which pass over the roof of LA. The circumferential bundles are 

mostly found in the base of LA while longitudinally orientated fibres are more common between 

layers. Similarly, the circumferential bundles surround the base of LA like circumferential bundles 

of LV base. They are more distinct anteriorly where they cross transversely to the posterior part of 

the base, they are thin and incomplete layer. The Bachmann’s bundle has circumferential 

orientation which extend from the right side of the orifice of superior caval vein and crosses 

transversally in the anterior wall of LA until appendage. At that level, it is divides into upper and 

lower branches where they surround the neck of the appendage. The upper branch extends to the 

lateral part of the wall while the lower branch extends in the way of mitral ring. These two branches 

continue their way to the posterior wall and insert into lower part of Waterson’s groove [9, 10]. 

Interatrial muscular connection 

Except from muscular structure at the margins and the floor of the oval fossa, there are muscle 

bundles that allow connection between the atria. These interatrial muscular connections are 

composed of atrial myofibers. The rim of oval fossa is an important muscular part that is formed 

by unfolded atrial wall. The superior part is formed of unfolded muscular fibres between venous 

system of the right and LA. The anterior part of the rim is an extensive folding of musculature of 

interatrial groove. The inferior part overlies the central fibrous body and continues as sinus septum 

and its musculature divides the orifice of coronary sinus and inferior cava vein [11].  
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Left atrioventricular connection 

The atria and ventricles are anatomically and functionally related. The vestibular portion of LA 

demarcates the left atrial outlet. In this site, the LA, atrioventricular node and bundle are closely 

connected. Vestibular portion is smooth-walled that supports the leaflets of the mitral valve and 

posteriorly it supports the coronary sinus, located in the atrioventricular groove. While, at the 

postero-medial commissure of the mitral valve it overlies the right fibrous trigonal area of the 

aortic-mitral fibrous continuity.  In addition, circumferential bundles surround the base of LA in 

the same way as circumferential bundles of LV. The longitudinal bundles of LA and LV are 

inserted in the mitral annulus. Thus, making it the anatomical continuity between the two chambers 

as well as functionally serving during the cardiac cycle. In addition to this mechanical relationship 

the two chambers are also related electrically through the conduction system [11, 12].  

 

Figure 3. A) The 

illustration shows how 

Bachmann’s bundle is 

the direct continuation 

of the insertion of the 

terminal crest into the 

interatrial groove. B) 

Circumferential and 

longitudinal fashion of 

LA wall. Found in the 

study of Ho et al [11].   
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LEFT ATRIAL PHYSIOLOGY 

Left atrium function is an integral component of the overall cardiac structure and function and it 

is far from being a simple conduit chamber. Enlargement of LA as a marker of long-standing 

elevated of LV filling pressure has been shown to be a reliable predictor of adverse cardiovascular 

events, but studies of LA function, until the latter part of the 20th century, were largely restricted 

to experimental animal models and invasive catheterization techniques. Thus, LA function has 

received considerably less attention than the function of other heart chambers, even though 

evidence suggest that LA failure and myopathy may exist as an isolated entity [13].  

Mechanical Function  

Left atrial mechanical function, based on anatomical myocardial fibre architecture and its 

interdependence on that of the LV, plays an important role in maintaining an optimal cardiac 

performance (15-30% of LV stroke volume). The mechanical function of LA has been 

conventionally divided into three phases variations during the cardiac cycle: the reservoir, conduit 

and booster pomp or contractile function.  

a) The reservoir function: LA stores blood coming from pulmonary veins during ventricular 

systole. This phase is mechanistically determined by LA enlargement due to LV 

contraction. With LV base moving towards the cardiac apex during systole, it results in 

increased LA cavity size, decreased LA pressure and blood flow into the LA from 

pulmonary veins.  

b) The conduit function: In early ventricular diastole, blood that has been collected during 

the reservoir phase directly from the pulmonary veins flows into the left ventricle. The LV 

relaxation is a key determinant of blood flow during this phase, which is strongly 

influenced by LV compliance and limited contribution from LA compliance.  

c) Booster pump function: During the late ventricle diastole, atrial contraction occurs, 

forcing another volume of blood to fill the left ventricle. Thus, LA contributes importantly 

to cardiac function. The LA contractile function is influenced by the LV end-diastolic 

pressure, LV compliance and LA intrinsic contractility. It has been noticed that the Frank 

Starling law applies also to LA, with its output increasing proportional to diastolic 
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myocardial fibre length in an attempt to maintain a normal stroke volume. Thus, studies of 

LA function can provide additional information, incremental to LA volume measurement. 

Knowledge about LA pressure and volume changes during the cardiac cycle are crucial to achieve 

a better understanding of LA function. The presence of two emptying phases depends on the 

relationship of LA pressure-volume. When mitral valve closes, blood flows into the LA from the 

pulmonary veins that leads to increased LA volume accompanied by a continuous pressure rise 

(‘V’ wave).  After opening of the mitral valve, LA volume decreases proportional to the fall in LA 

pressure. While, during diastasis, LA volume remains constant and LA pressure increases. When 

the LA contraction begins, atrial volume starts to decrease associated by pressure rise (‘A’ wave) 

[13, 14]. 

Figure 4. Illustrative presentation of LA mechanical function during the cardiac cycle: reservoir, 

conduit and booster-pump function.  
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Neurohormonal Function  

The atria produce and store natriuretic peptides in myocytes granules as the prohormone.  Atrial 

natriuretic peptide (ANP) is mainly produced in the atria and lesser quantities of ANP is also 

secreted from the ventricle. When secreted into the blood ANP plays an important for diuresis and 

vasodilation. Myocyte stretch and increased atrial volume are the two most important factors 

controlling ANP secretion. Furthermore, two other factors such as endothelin and nitric oxide, also 

play an important role in modulating ANP secretion (nitic oxide inhibit the secretion, while 

endothelin stimulates it). Subsequently, atrial neuroendocrine function might be a crucial 

mechanism to compensate for the hemodynamic and neurohormonal disturbances in heart failure 

(HF).  

Regulatory Function  

Low-pressure volume receptors, or cardiopulmonary receptors, are located within the atria and 

pulmonary vasculature. LA plays an important role in the regulation of cardiac output since it 

responds to changes in the wall tension, which is proportional to the filling state of the low-pressure 

side of circulations. Rapid decreases in blood pressure, such as in times of orthostatic hypotension, 

haemorrhages or heart failure leading to decrease stretching of the artery wall and release of 

cardiopulmonary receptors results into sent signals to the autonomic nervous system through 

angiotensin–aldosterone signals which cause raised blood pressure [15]. 

 

LA electromechanical function 

 

Atrial electromechanical time is another important component of left atrial function that has been 

defined as the interval between the onset of LA electrical activity and myocardial contraction. This 

can easily be evaluated by measuring the time from the onset of the P wave on the ECG to the 

beginning of the A′ wave on tissue Doppler imaging (P-A′) which is a non-invasive and simple 

method for assessing atrial conduction time. The P-A′ interval has been shown to correlate strongly 

with total atrial conduction time in invasive procedures [16].  

In healthy subjects, the electrical excitation of the left atrium is followed by its mechanical 

activation or contraction. The left atrial segments contraction is usually in a synchronous fashion 
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with no more than few milliseconds time difference between them, similar to that seen in the other 

cardiac chambers. The presence of atrial dyssynchrony and prolonged interatrial conduction time 

were previously shown in different heart disease such as hypertension, a history of atrial 

fibrillation, valve disease, obesity and advanced age [17]. Furthermore, atrial electromechanical 

delay has been reported to be useful for detecting paroxysmal atrial fibrillation and remains useful 

for identifying patients at risk for AF.  

Physiological factors affecting left atrial function  

Many factors can influence LA structure and function such as age, endurance training, body mass 

index and in other systemic disease states [18, 19]. The relationship between LV and LA can be 

characterized as interactive and dynamic. LA afterload is determined mostly by its elastic 

properties and indirectly from left ventricle end diastolic pressure. In contrast, the LA preload is 

principally volume-dependent so different stages of deterioration of LV function and elevated LV 

filling pressure proportionally increase the LA preload. Previous studies have shown that 

increasing LA volume and pressure leads to its dilatation with an initial increase in contractile 

function followed by deteriorating LA function with further dilation, similar to the Frank-Starling 

law in the LV.  

Aging is a key physiological factor that may influence LA structure and function. Normal aging is 

associated with impairment of LA compliance and conduit functions and increase LA pump 

function and stiffness. The mechanism of age-related changes in LA function, may be explained 

by age-related changes in the left ventricle, including prolongation of LV isovolumic relaxation 

time and deterioration of diastolic function [19, 20]. Similarly, LA strain and stiffness change 

proportionally with age. Age, chronic atrial stretch and other neurohormonal factors lead to 

histological changes in the atria, including myocyte hypertrophy, fibroblast proliferation and 

alteration of extracellular matrix leading to fibrosis, which causes decreased LA strain and 

increased LA stiffness. Previously, it has been reported that increased LA stiffness is a sensitive 

marker of diastolic dysfunction, which is present in many elderly adults, particularly the diastolic 

dysfunction grade I. Furthermore, LA strain has been shown to inversely correlate with the LV 

filling pressure (E/e’ ratio) and the degree of LV diastolic dysfunction [21].  
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However, the influence of gender on LA function has been debated for many years. Many 

abnormal echocardiographic indices remained significant in female gender compared to male due 

to demographic distinctions. Recently, studies including multi-centre and meta-analysis despite 

the difference in LA dimensions at end-systole, they failed to show any relationship between 

gender and LA function.  Despite a potential source of heterogeneity between vendor concordance, 

recently multi-centre studies have detected no significant difference between LA function and 

vendor [21-23]. 

Generally, it is understood that physical activity leads to hemodynamic changes, including 

increased stroke volume and cardiac output due to increase in maximal oxygen consumption. 

During physical activity the LA reservoir and LA pump function are augmented as a physiologic 

adaptation to exercise. Increased LA reservoir is due to enhancement of LV longitudinal systolic 

function and greater atrioventricular plane, while the pump function responds to the exercise-

induced increase in preload [24].  

The benefits of regular exercise on cardiovascular health have been extensively documented [25]. 

However, LA has different functional response to both dynamic exercise and long-term endurance 

sport practice compared to physical activity. The atrial cavity responds to dynamic exercise 

according to increased hemodynamic preload. Notably, it increases the reservoir and conduit 

function in order to maintain normal cardiac output. When LV filling in early diastole is maintained 

the LA is able to preserve its pump function and its morphological remodelling, de3scribed as 

functional adaptation [26]. With strenuous exercise, LV diastolic volume increases and 

consequently SV progressively increases in long-term endurance sports due to enhanced diastolic 

function. Similar to LV, the LA remodels, and consequently, LA dimensions and volume 

significantly increase in athletes to adopt the elevated venous return and maintain normal stroke 

volume [27]. Recent advances in technology, particularly echocardiographic assessment of 

myocardial deformation have facilitated and provided further insight into the understanding of 

training-induced LA remodelling.  

During light to moderate exercise, the total LA contribution to LV filling remain stable with any 

change in LA dimensions and function representing physiological adaptation induced by training. 

On the other hand, LA global strain and contractile function are impaired in athletes exposed to 
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long-term endurance sport, with LA global strain reduce in elite athletes exposed to long-term 

intensive training and LA pump function is reduced [28]. In addition, during physical activity the 

atrial contractile reserve is increases but in elite athletes despite they reach similar increases in 

atrial emptying volume, the atrial contractile reserve remains impaired. Atrial remodelling depends 

not only on the type of sport but also on the years of practice. These mechanisms could explain 

the higher incidence of atrial arrhythmia in elite athletes later in life [28, 29, 30]. Another factor 

that plays an important role in LA function is body mass index (BMI). BMI is inversely associated 

with BMI and obesity is characterized by reduced reservoir and conduit function, with 

compensatory increase in pump function (Figure 5) [31].  

 

     

     Figure 5. Graphical illustration of physiological factors that can affect mechanical LA function. 
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EVALUATION OF LEFT ATRIAL STRUCTURE AND FUNCTION 

Early assessment of LA structure and function  

In earlier era prior to the use of echocardiography, LA size was estimated on routine chest X-rays 

in the anteroposterior and/or lateral views. Another method for assessing the LA size and mitral 

valve disease used extensively was the fluoroscopy with barium swallow. Also, the morphology 

evaluation of P-wave on the electrocardiogram (ECG) has been very useful reflecting intra and 

interatrial conduction time. Historically the duration and amplitude of P-wave was utilized for 

possible left and right atrial enlargement. Although auscultation was the most important physical 

examination technique, detecting LA abnormalities using physical examination was limited. An 

S4 gallop suggests that LA is contracting against a high LV end-diastolic pressure [32].  

Knowledge of assessing the structure and function of the LA began with the use of 

echocardiography. The introduction of ultrasound by Inge Edler ‘the father of echocardiography’, 

had a great impact on the field of diagnostic imaging, which resulted in prolonging and improving 

the lives of millions of patients, resulting in rightly renaming the echocardiogram as ‘the imaging 

stethoscope’ [33]. 

Echocardiographic evaluation of LA structure and function 

The increasing interest in atrial structure and function has enhanced our understanding of the atrial 

role as powerful biomarkers for adverse events in different cardiovascular conditions.  

Evaluation of LA size 

Left atrial enlargement is a surrogate marker of both the chronicity and severity of diastolic 

dysfunction and LA pressure elevation. LA enlargement is associated with high incidence of atrial 

fibrillation, stroke, all-cause mortality and hospitalization in patients with dilated cardiomyopathy, 

major adverse cardiac events (MACE) after acute myocardial infarction and other cardiac events 

in patients with diabetes and dyslipidemia [34-38].  

The anteroposterior (AP) diameter as internal linear dimension is measured in the parasternal long-

axis view at the level of aortic sinuses using M-mode or two-dimensional (2D) echocardiography. 

Despite this measurement is recognized extensively in clinical practice, assessment of LA size 
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using only the AP diameter does not represent overall LA volume with high accuracy, since 

diameter can underestimate the volume particularly in case of asymmetrical dilatation [39, 40]. 

However, in the apical four-chamber view the longitudinal and transverse diameters can easily be 

measured (Figure 6). Likewise, in the same view, LA volume can be evaluated by tracing the inner 

border excluding the inlet of the pulmonary veins and area under the mitral anulus [41]. Currently, 

biplane LA volume is recommended to evaluate LA size and has been shown to be a stronger 

predictor of outcomes compared to linear dimensions [42]. The LA volume should be measured 

using the two algorithms: the area-length method and the modified Simpson’s method of disk 

summation, similar to measuring the LV volume.  

 

Figure 6. Measurements of LA 

size; a) LA transverse diameter 

and LA longitudinal diameter; 

b) LA area. 

 

 

 

 

 

The image should be obtained from apical four and two chamber view that maximizes the LA 

base. During tracking of the endocardial border, the LA appendage, pulmonary vein and area under 

mitral annulus should be excluded. To assess the phasic LA volumes by the volumetric method 

they are measured at different times of the cardiac cycle: 

a) Maximal LA volume (LAVmax): is measured just before mitral valve opening, at the 

end of T wave on electrocardiogram; 
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b) Pre-A LA volume (LAVPreA): is measured at the onset of the P wave on the 

electrocardiogram; 

c) Minimal LA volume (LAVmin): is measured just at the time of closure of the mitral 

valve (Figure 7). 

Gender may affect LA size and LA volumes, which have been shown to be smaller in women than 

men, so indexing LA volume to body size is always recommended. According to the latest 

American Society of Echocardiography (ASE)/ European Association of Cardiovascular (EACVI) 

recommendations the normal value of AP dimension is 2.7-3.8 cm in women and 3.0-4.0 cm in 

men, while when it is indexed to BSA the normal value is 1.5-2.4 cm for both. To determine the 

best value of most clinical relevance, the last recommendation of ASE/EVACI for 2DE have 

revised the upper value of LAVI maximal from 28 to 34 ml/m2 [43]. Over the last years, 3DE has 

become the important modality for cardiac chamber parameters because of its lower interobserver 

variability and higher reproducibility than 2DE [43, 44]. 

 

 

Figure 7. Measurements of LA volumes by the volumetric method; a) LAVmax; b) LAVpreA; c) 

LAVmin. 
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Evaluation of LA function 

The clinical research interest until last decade was focused mostly on LA size. Recently, rapid 

advances in technological capabilities facilitated more detailed evaluation of LA function. Current 

data suggest that the combined evaluation of LA size and function is crucial in optimizing its 

prognostic role and diagnostic accuracy [13, 14, 15, 37, 44]. LA function is assessed using 

volumetric parameters, Doppler parameters, pulmonary venous, LA appendage flow and tissue 

Doppler as well as deformation analysis of LA body [44, 45].  

Volumetric Parameters of LA function 

The volumetric method used for the assessment of LA function is based on the measurement of 

LA volumes including LAVmax, LAVpreA and LAVmin. From these volumes, phasic function of the 

LA (reservoir, conduit and pump function) can be calculated as total, passive and active emptying 

fraction (Table 1) [13-15, 46].  

Table 1. Phasic left atrial function 

LA function LA fraction Calculation 

LA reservoir LA total EF LAVmax-LAVmin/LAVmax x 100 

  LA compliance index LAVmax-LAVmin/LAVmin x 100 

LA conduit LA passive EF LAVmax-LAVpreA/LAVmax x 100 

LA contractile LA active EF LAVpreA-LAVmin/LAVpreA x 100 

LA: left atrium; EF: emptying fraction; LAVmax: Maximal LA volume; LAVPreA: Pre-A LA volume; LAVmin: 

Minimal LA volume 

These indices, in addition to echocardiographic techniques, can be measured using other imaging 

modalities such as cardiac computed tomography (CT) or cardiac magnetic resonance imaging 

(MRI) [47, 48]. Echocardiographic quantification of LA volume tends to be underestimated 

compared to other imaging techniques, particularly cardiac MRI [49]. However, cardiac MRI is 

limited by its high cost, inability to scan patients with intracardiac devices and problems related to 

gadolinium contrast compared to echocardiography which is more patient friendly [50].  
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Although accuracy of echocardiographic measurements of LA has improved, minimizing the 

pitfalls with 3DE, assessing LA function by volumetric parameters remain with limitations and 

inability to distinguish between the increase in LA function due to larger volume of blood received 

and a real increase in LA contractile/compliance function regardless of the imaging technique used 

[13, 44]. 

Spectral Doppler assessment of LA function 

Pulsed-wave (PW) Doppler measurements from the transmitral inflow pattern and pulmonary vein 

flow velocity pattern can be used to estimate LA function.  Peak A-wave velocity and A wave time 

velocity integral (TVI) of mitral inflow represent LA contractile function. Moreover, LA 

contractile function can be expressed with the ratio between the TVI of the A wave and TVI of 

diastolic transmitral flow that represents the contribution of atrial contraction to the total mitral 

inflow [51, 52]. Atrial fraction is calculated using the following formula: 

                             Atrial	fraction = !"#	%	&'()		
!"#	*+,-'.	+/0.1&

 

The main advantage of spectral Doppler is its availability and simplicity in acquisition and 

interpretation. However, measurements can be affected by age, loading condition and LV 

compliance and stiffness, making the use of those measurements to express LA contractile function 

limited [53, 54]. The pulmonary vein flow measured by PW Doppler at the level of pulmonary 

venous flow provide information about LA phasic function: systolic (S wave), diastolic (D wave) 

and atrial reversal (Ar) waves. The positive S wave corresponds to blood inflow from pulmonary 

veins to the LA during LV systole which is related to reservoir function. Similarly, the D wave 

corresponds to venous inflow during the early stage of LV diastole and represents the conduit 

function, while Ar wave represents the flow reversal from the LA into the pulmonary veins during 

late LV diastole due to the effect of LA contraction and represents the LA pump function [44, 46]. 

In addition, to the trans-thoracic echocardiography inability to detect all 4 pulmonary veins, these 

parameters are highly dependent on LV diastolic properties, thus an increase of Ar wave duration 

reflects increased atrial contractile function as well as LV end-diastolic pressure, thus limiting the 

usefulness of this parameter as indicator of LA booster function [55].  
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Atrial ejection force, is another important parameter representing the atrial force to propel blood 

across the mitral valve into the LV during the LA systole [56], and  can be calculated using the 

following formula: 

                 Atrial ejection force = 0.5 x 1.06 x mitral annulus area x (peak A velocity)2 

This parameter has the same limitations as any parameter derived from transmitral flow and can 

be measured only in patients with sinus rhythm [57]. Recent research has proposed LA function 

index (LAFI) as important parameter independent of heart rhythm [58]. The LA function index 

(LAFI) represents combination of the reservoir function, LAVmax, and stroke volume. It is a sensitive 

marker and may be used for clinical prognosis in a variety cardiovascular diseases [59, 60]. LAFI 

is calculated using the following formula: 

																																																							LAFI =
LA	total	EF	x	VTI	LVOT

LAVI  

 

Tissue Doppler of LA function 

Tissue Doppler imaging (TDI) allows quantification of intrinsic myocardial low velocities with a 

high sampling rate. The TDI profile shows three velocities: peak ventricular systolic velocity (s’), 

peak early ventricular diastolic velocity (e’) and peak late ventricular diastole or atrial contraction 

(a’). The mitral annulus velocity in late diastole, a’, resulting from atrial contraction can be used 

as a marker of atrial mechanical function and the excellent correlation between a’ velocity and 

atrial function has been reported in many studies [61, 62, 63, 64, 65]. Unlike the e’ velocity, the 

septal and lateral a’ velocities are usually similar [66]. Increasing age and heart rate influence a’ 

velocity due to decreased LV compliance with ageing and increase atrial pump function as a 

compensatory mechanism [67]. Using myocardial tissue Doppler a’ in clinical practice has some 

limitations. Despite a’ velocity can be recorded at the level of atrial segments, because of effect of 

cardiac motion and tethering, it cannot distinguish true atrial contraction from mitral annular and 

ventricular longitudinal motion. In addition, because of angle dependency a’ is not widely used in 

clinical practice.  
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Atrial electromechanical time is another important component of LA function that has been 

defined as interval between the onset of cardiac electrical activity and myocardial contraction.  

The time from the onset of the P wave on the ECG to the beginning of the a’ wave on tissue 

Doppler imaging (P-A’) is an important parameter that has been used as a marker of total atrial 

conduction time [16, 17]. It is a non-invasive easily estimated and simple method for assessing the 

intra and inter atrial dyssynchrony and has be shown to be a predictor of rhythm disturbance [68, 

69]. 

The difference between P-A′ lateral and P-A′ septal has been used to reflect LA dyssynchrony, P-

A′ septal and P-A′ tricuspid as right atrial dyssynchrony and the difference between P-A′ lateral 

and P-A′ tricuspid as interatrial dyssynchrony (Figure 8) [70].  

 

 

Figure 8. Measurement 

of the time from the 

onset of the P wave on 

the ECG to the 

beginning of the A′ 

wave on tissue Doppler 

imaging (PA′-TDI 

interval). 
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Deformation analysis of LA function  

Strain and strain (SR) rate represent the magnitude and the rate of myocardial deformation. Strain 

is the fractional change in the length of a myocardial segments that reflect lengthening or 

shortening, while SR is the rate of change in the strain and represents the speed of myocardial 

deformation. These newer echocardiographic techniques overcome the limitations imposed by 

regional differences in myocardial motion and allow discrimination between active myocardial 

deformation and passive wall motion. In addition, they are less load dependent than traditional 

parameters of LA function and are relatively independent of tethering effects [71, 72]. LA strain 

measurements can be assessed using TDI and 2D speckle-tracking echocardiography (STE) 

(Figure 9).  

Figure 9. Measurements of LA 

myocardial deformation by STE 

in health adult; a) LA strain; b) LA 

strain rate. 
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TDI was the first ultrasound method to allow measurements of myocardial deformation that detect 

ultrasound signals generated by the myocardial tissue, while moving during different phases of 

cardiac cycle. Although TDI has excellent temporal resolution and wide availability, it has recently 

become less used in clinical practice because of several limitations. The angle dependency is the 

most serious limitation including Doppler-derived myocardial strain. Also, the sample volume 

needs to be manually tracked which is time-consuming. In contrast, STE as a novel technique 

utilizes acoustic speckle tracking, which is an angle independent and is less affected by artifacts 

compared to TDI [13, 14, 15, 21, 23, 44].  

LA global longitudinal strain is usually reported separately for the three phases of the cardiac 

cycle: reservoir, conduit and pump function. EACVI/ASE Task Force recommended 

measurements of LA strain based on zero reference on ECG intervals, R wave (gating R-R) or P 

wave (P-P gating). The LA strain curve has two different patterns irrespective of the type of gating 

used. When R-R gating is used, all strain values are positive and first peak between QRS complex 

and T wave represents peak atrial longitudinal strain (PALS) and the next value (on the level of P 

wave) corresponding with peak atrial contraction strain (PACS). While in P-P gating the strain 

curves is asymmetric, starting with a negative deflection (that represents PACS) followed by a 

positive deflection and the sum of two waves corresponding with PALS (Figure 10). The R-R 

gating has few advantages because it can also be used in patients with atrial fibrillation or other 

conditions when P wave is not clearly defined.  

 

 

 

 

 

 

 

         Figure 10. Measurements of PALS and PACS in health adult 
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LA stiffness estimation 

Previous studies reported the calculation of LA stiffness (LASt) as the ratio of invasively measured 

pulmonary capillary wedge pressure (PCWP) to LA systolic strain [75]. However, despite the 

PCWP is an indirect surrogate of LA pressure with the benefit of avoiding direct measurements 

through a trans-septal approach, with its potential risk, technical challenges and its invasive nature 

restrict the routine use of PCWP in daily clinical practice [76, 77].  

Recently, the calculation of E/e’ ratio to LA strain has been used as a non-invasive marker of LA 

stiffness with good correlation with invasive measurements [78, 79, 80]. Hence, LASt is calculated 

as follow: 

LASt =
E/e′
PALS 

 

Other imaging techniques 

Although, echocardiography is the most useful method for evaluation of atrial structure and 

function in clinical research and is routinely used in clinical practice, recently other modalities and 

techniques have been introduced, particularly cardiac CT and magnetic resonance [47, 48].  

Cardiac CT and MRI 

These diagnostic modalities provide excellent images and anatomical details as well as volumetric 

parameters of LA. Cardiac CT assessment of LA volumes with less geometric assumptions provide 

more accurate measurements compared with 2DE. Also, cardiac CT correlates well with cardiac 

MRI measurements [81] and requires shorter time for scanning and analysing the images compared 

with cardiac MRI, due to the limited need for using ionizing radiation, especially for frequent 

longitudinal follow-up data. On the other hand, cardiac MRI with electrocardiographic gating is 

the most accurate method for the assessment of volumetric parameter of LA [82]. However, cardiac 

MRI is limited in daily use especially because of problems related to gadolinium contrast and 

relative contraindication for patients with medical devices, making similar results provided by 3D 

echocardiography quite appealing [50]. 
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Cardiac MRI, in addition to LA volume, can be used for detection of myocardial fibrosis using 

delayed contrast enhancement techniques. Traditionally, LA fibrosis is considered as a 

“maladaptive process” which is associated with impaired LA function and abnormalities on 

electrical conduction [83]. Kinetics of gadolinium in the fibrotic myocardium appears as 

hypertense area compared to the myocardium without fibrosis. Previous studies showed that LA 

fibrosis detected by cardiac MRI is a good predictor of atrial fibrillation recurrence after catheter 

ablation and has good correlation with the degree of fibrosis defined by histopathology [84, 85, 

86].  

PROGNOSTIC VALUE OF LEFT ARIAL FUNCTION 

The prognostic role of LA function in clinical practice has been well validated [34-38], but has 

received little attention, until last decade. Despite not yet recommended in the guidelines, the 

routine evaluation of LA function could improve the prognostic value in a variety clinical settings. 

Impaired LA function in patients with heart failure, atrial fibrillation, valvular heart disease, 

cardiomyopathies, and other cardiac diseases has been shown to be related to symptoms, 

hospitalization, risk of arrhythmia and other adverse cardiac events [37, 44, 45, 46, 68, 69, 79,80].   

LA function and heart failure  

Heart failure (HF) is an important clinical syndrome and recently has become a major public health 

problem. Despite HF treatment has significantly improved, the mortality rate still remains 

unacceptably high [87]. Optimum knowledge of LA structure and function in these patients may 

improve our understanding of disease pathophysiology, different clinical presentations and also 

optimize clinical management.  

 
Heart failure with reduced ejection fraction 

There is increasing evidence demonstrating the prognostic role of LA function in predicting HF 

hospitalization, new-onset of AF and other CV outcomes in heart failure with reduced ejection 

fraction (HFrEF) patients [88, 90, 90, 91, 92]. Fundamentally, LA is central to the heart’s adaptive 

mechanism in chronic HFrEF. LA function is in close interdependence with LV function and plays 

an important role in maintaining optimal cardiac performance. The LA modulates LV filling 

through its mechanical function (reservoir, conduit and booster function) while LV has influences 
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on LA function through pressure-volume overload. With chronic exposure to high LV filling 

pressures and decline of LV systolic function, the LA volume increases and LA function declines. 

In addition, with disease progression the LA neurohormonal function becomes disturbed leading 

to deteriorated volume overload and clinical decompensation. Normal stretching of the myocyte 

and increase in LA volume stimulate ANP secretion. In HFrEF patients, the LV filling pressure as 

well as LA afterload are increased and ANP is released to compensate for the associated 

hemodynamic disturbances. With disease progression, the thin-wall of LA becomes disruptive and 

these maladaptive changes alter the electromechanical properties and increase the risk for atrial 

arrhythmia. Hence, LA dysfunction in HFrEF is the major driver of clinical decompensation and 

other adverse cardiac events [89, 92]. Finally, many studies recommended evaluation of the 

prognostic value of LA function in patients with HFrEF as candidates for cardiac 

resynchronization therapy (CRT) [44, 93]. In a previous meta-analysis we reported a relationship 

between LA function and clinical response to CRT. At 6-month follow-up, LA total EF and LA 

systolic strain were increased in CRT responder compared to non-responders, in whom it remained 

unchanged. Increased LA strain had negative correlation (r=-0.56, p<0.001) with the fall in LV 

end-systolic volume (LVESV) and positive correlation with LVEF. Similarly, the increase in 

LAEF correlated with the fall in LVESV and increase of LVEF, suggesting that clinical response 

to CRT is manifested with improvement of LA function reflecting cavity reserve remodeling [94]. 

These findings highlight the importance of routine evaluation of LA function in these patients.  

Heart failure with preserved ejection fraction 

Recently, many studies have already demonstrated the relationship between diastolic dysfunction 

(DD) and changes of LA mechanical function. In early stages of HFpEF, the LA function 

particularly LA contractile function is slightly increased as a compensatory mechanism but the 

progressively elevated LV filling pressure leads to a decline in LA reservoir function, atrial 

compliance and distensibility and consequently worsening of clinical symptoms [95, 96]. Such 

abnormalities have been shown to cause eccentric hypertrophy and LA remodelling which patho-

physiologically lead to atrial arrhythmia [37, 96]. Because LA is responsible for up 30% of 

physiological cardiac output, impairment of LA function may contribute to worsening of HF, thus 

maintenance of normal LA function may have a protective role against the development and 

progression of HFpEF [96] 
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Heart failure with mid-range ejection fraction 
 
According to ESC guidelines recommendation the diagnostic criteria for HF mid-range ejection 

fraction (HFmrEF) except ejection fraction, are similar to those for HFpEF, including evidence of 

diastolic dysfunction, elevated natriuretic peptides and structural changes such as LA dilatation 

and/or LV hypertrophy [97]. Similar to HFpEF, in advanced stages of HF, LA compliance, LA 

reservoir and pump function are decreased and consequently the clinical symptoms are 

deteriorated. The impairment of LA function in HFmrEF is more pronounced compared to HFpEF 

[98, 99]. These differences could be attributed to intrinsic LA myocardial dysfunction, perhaps in 

relation to altered LV function, although larger studies are needed to better evaluate the 

pathophysiological properties of those patients.  

LA function and atrial fibrillation  

Atrial remodelling including structural and functional changes is commonly associated with atrial 

fibrillation. Despite increased LAVI and impairment of LV global longitudinal strain as clinical 

risk factor for new-onset AF, the reduced LA reservoir and pump function are the strongest 

predictors [100, 101]. However, impaired reservoir function irrespective of the method used for 

its assessment, LA strain (PALS) or volumetric LA parameters (LA total EF) is associated not 

only with increased risk for new-onset AF but also as a strong predictor of success rate of catheter 

ablation (CA).  

The results of our recent meta-analysis with eighty-five articles and total 16,126 patients included, 

has strengthened the importance of LA strain in predicting the success rate of CA. At 21 ± 12 

months follow-up, the most powerful LA predictors of AF recurrence were LA strain <19% (OR: 

3.1[95% CI, -1.3-10·4], p < 0.0001), followed by LA diameter ≥50 mm (OR: 2·75, [95% CI 1·66-

4·56,] p < 0.0001), and LAVmax >150 ml (OR: 2·25, [95% CI, 1.1-5·6], p = 0.0002). Thus, the 

changes of LA structure and function reflect an unstable LA to hold the sinus rhythm after CA 

[37]. Reduced LA myocardial function irrespective of cavity size has also been reported in patients 

with paroxysmal atrial fibrillation [102, 103]. This is an additional argument that non-invasive 

imaging of LA fibrosis using measurement of LA deformation may be helpful in predicting the 

risk of atrial arrhythmia and guiding towards optimum therapeutic strategies. 
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LA function and valvular heart disease  

The LA plays a central role in mitral valve (MV) disease and severe MV disease leads to structural 

and functional LA changes. In mitral regurgitation, the LA reservoir and contractile function are 

impaired while conduit function is preserved or even enhanced. Reduced atrial reservoir function 

evaluated by strain imaging is a potentially useful early marker of LA dysfunction associating MV 

disease [104, 105]. Despite, the important role of LA function assessment in optimizing time of 

surgery in asymptomatic patients with moderate mitral regurgitation has not been recommended 

by guidelines yet, many studies have demonstrated its prognostic role following mitral valve 

repair. Reduced atrial reservoir function was associated with residual mitral regurgitation and 

transmitral gradient, and was found to be an independent predictor of survival of mitral valve repair 

[106]. Similarly, in mitral stenosis (MS) the LA reservoir function is impaired while contractile 

function is enhanced, particularly in mild to moderate stenosis [105]. The lower LA compliance is 

another LA mechanical change that influences systolic pulmonary artery pressure at rest and with 

exercise as well as worsening symptoms [14].  

In aortic stenosis (AS), due to pressure overload, the LA volume is increased and LA function 

disturbed with LA compliance reduced. Although assessment of LA function to monitor 

management of AS patients is not recommended, the reservoir function particularly derived by LA 

strain has been shown as a good predictor of prognosis in patients with severe AS [13, 107].  

Although recently many clinical researchers have focused on the prognostic role of LA mechanical 

function derived by volumetric parameters or LA strain, cavity stiffness as a long-term 

prognosticator is needed to confirm the critical role of LA remodeling in clinical practice. In 

addition, the current practice of invasive assessment of PCWP in clinical practice restricts routine 

use and support strengthening non-invasive assessment of increased LA pressure.  
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OBJECTIVES  

Study I 

To assess left atrial (LA) structure and function measurements that predict pulmonary capillary 

wedge pressure (PCWP). 

 

Study II 

To identify predictors of exercise capacity in a group of patients with HFpEF and right ventricle 

(RV) dysfunction. 

 

Study III 

To evaluate the relationship between LA stiffness (LASt) and cardiac events in HF patients with 

reduced to mid-range ejection fraction. 

 

Study IV 

To investigate the relationship between diabetes mellitus (DM) and LA remodelling in HFrEF 

patients, and their combined impact on cardiac events. 
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METHODS 

Study I  

Data source 

We searched the electronic databases using PubMed, MEDLINE, EMBASE, Scopus, Google 

Scholar, the Cochrane Central Registry of Controlled Trials and ClinicalTrial.gov, up to May 2018. 

The following key words was used: ‘Left atrium’ OR ‘Left atrial size’ OR ‘Left atrial dimension’ 

OR ‘Left atrial diameter’ OR ‘Left atrial area’ OR ‘Left atrial volume’ OR ‘Left atrial function’ 

AND ‘Left atrial pressure’ OR ‘mean left atrial pressure’ OR ‘pulmonary capillary wedge 

pressure’ OR ‘PCWP’ AND echocardiography. Additional search was used to further identify 

studies that included the references of review articles and abstracts from selected congress such 

as: scientific sessions of the European Society of Cardiology (ESC), the American Heart 

Association (AHA), American College of Cardiology (ACC) and European Association of 

Cardiovascular Imaging (EACVI). The wild-card term ‘*’ was used to increase the sensitivity of 

the search strategy. The literature search was limited to only studies in human and those published 

in English. No filters were applied and independently two reviewers (I.B and G.B) evaluated all 

articles. Disagreements were resolved by discussion with a third party (MYH).  

Study selection  

The criteria for inclusion in the meta-analysis were: a) studies investigating patients undergoing 

cardiac catheterization, b) reporting PCWP and echocardiographic LA indices (LA size and/or LA 

function), c) appropriate timing between hemodynamic assessment and echocardiographic 

examination and d) enrolled population of adults aged ≥ 18 years. If the measurements of LA 

indices were made using other imaging technique than echocardiography, the subject was not-

human, children and articles not published in English the studies were excluded.  

Outcome variables  

Key clinical end points were the relationship between LA anatomical measurements and/or LA 

function with PCWP. Main outcomes were LA cavity measurements: (LA diameter, LA volumes 

[indexed LA maximal volume (LAVI max), indexed LA minimal volume (LAVI min)], LA area 
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and LA function: peak atrial longitudinal strain (PALS), peak atrial contraction strain (PACS) and 

total EF.  

Data extraction  

Eligible studies were reviewed, based on: (i) first author’s name; (ii) year of publication; (iii) study 

design; (iv) methods used to test correlation between relevant variables; (v) measures of LA cavity 

and/or LA function; (vi) measures of PCWP; (vii) patients demographic characteristics; and (viii) 

age and gender of study participants.  

LA structure and function were extracted from paper’s text or tables. LA strain measurements were 

extracted from the paper’s text or images available based on two types of gating, depending on 

zero-reference on ECG intervals used, R wave (gating R-R) or P wave (gating P-P). When the R 

wave was used, all strain values were positive, and the first peak between QRS complex and T 

wave corresponded to PALS and the second (on the P wave), corresponded with PACS. When P-

P gating was used, the strain curve was asymmetric, that is starting with a negative deflection (that 

represents PACS) followed by a positive deflection and the sum of two parts of the curve (negative 

+ positive) represents PALS (Figure 11) [74]. 

A comparison between LA indices and invasive PCWP measurements were conducted for all 

studies when available. A set of true-positive, false-positive, false-negative, and true-negative (2 

x 2) values for cut offs of LA predictors of elevated PCWP was obtained. When data was not 

sufficient, the 2 x 2 values were manually extracted from the graphs. Based on the current 

guidelines, a PCWP ≥ 15 mmHg was used as cutoff for elevated left ventricular filling pressures 

[108].  
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Figure 11. Two types of gating, based on zero reference point (P-P and R-R gating). 

 

Quality assessment  

Assessment of risk of bias and applicability concerns in the included studies was evaluated by the 

same investigators using the Quality Assessment of Diagnostic Accuracy Studies questionnaire 

(QUADAS-2) optimized to our study questions (Table 2). The QUADAS-2 tool has 4 domains for 

risk of bias: patient selection, index test, reference test and flow and timing, and three domains for 

applicability: patient selection, index and reference test domains [109].  
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Table 2. Qualitative assessment of study reporting 
 

 
 

 

 

 

Domain Questions Judgments 
   
Risk of bias Was a consecutive or random sample of patients enrolled? Yes, No, Unclear 
Patient selection Was a case-control design avoided? Yes, No, Unclear 
 Did the study avoid inappropriate exclusions? Yes, No, Unclear 
 Could the selection of patients have introduced bias? Low, High, Unclear 
Applicability Is there concern that the included patients do not match  Low, High, Unclear 
Patient selection the review questions?  
Risk of bias Were the index test results interpreted without knowledge   
Index test of the results of the reference standard? Yes, No, Unclear 
 If a threshold was used, was it pre-specified? Yes, No, Unclear 
  Could the conduct or interpretation of the index test have  
 introduced bias? Low, High, Unclear 
Applicability Is there concern that the index test, its conduct, or  
Index test interpretation differ from the review question? Low, High, Unclear 
Risk of bias Is the reference standard likely to correctly classify the  
Reference standard target condition? Yes, No, Unclear 
 Were the reference standard results interpreted? Yes, No, Unclear 
 without knowledge of the results of the index test? Yes, No, Unclear 
 Could the reference standard, its conduct, or its   
 interpretation have introduced bias? Low, High, Unclear 
Applicability Is there concern that the target condition as defined by   
Reference standard the reference standard does not match the review question? Low, High, Unclear 
Risk of bias Was there an appropriate interval between index test  
Flow and timing  and reference standard? Yes, No, Unclear 
 Did all patients receive a reference standard? Yes, No, Unclear 
 Did patients receive the same reference standard? Yes, No, Unclear 
 Were all patients included in the analysis? Yes, No, Unclear 
 Could the patient flow have introduced bias? Low, High, Unclear 
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Study II 

Study population  

We studied 143 consecutive patients with clinical and echocardiographic signs of HF (NYHA class 

1‐III) diastolic dysfunction and LV EF (≥ 45%), according to 2016 ESC Heart Failure Guidelines. 

Patients were admitted to the Clinic of Cardiology, University Clinical Centre of Kosovo between 

January 2013 and December 2014. Patients were divided into those with (n = 40) or without RV 

(n = 103) dysfunction according to cutoff value of tricuspid annular peak systolic excursion - 

TAPSE (1.7 cm). Forty‐one healthy gender‐ and age‐matched subjects served as controls. All 

patients and control subjects gave written‐informed consents to participate in the study which was 

approved by the local Ethics Committee. Exclusion criteria were: limited physical activity caused 

by other non-cardiac factors, moderate to severe chronic renal failure, congenital heart disease, 

moderate to severe valvular heart disease, chronic obstructive pulmonary disease and diseases 

recently diagnosed such as acute coronary syndrome, stroke or anemia.  

Data collection  

A complete history, clinical and biochemical assessment including complete blood count, blood 

glucose, lipid profile and kidney function test were recorded in all patients. In addition, BMI from 

weight and height measurements as well as waist/hip ratio were calculated.  

Echocardiographic examination  

All echocardiographic examinations were made by one experienced sonographer, using a Philips 

Intelligent E‐33 system with a multi- frequency transducer and harmonic imaging as appropriate. 

The following standard echocardiographic measurements were reobtained: LV volumes and EF 

were calculated using the modified Simpson’s rule from apical two and four chamber views. The 

systolic displacement of mitral and tricuspid annular plane (MAPSE and TAPSE) was measured 

from the M-mode tracing under 2DE guidance. Diastolic LV function was assessed using pulsed 

wave Doppler mitral velocities from the apical 4 chamber view while positioning the sample 

volume at the tips of mitral valve leaflets. Peak LV early (E wave), and late (A wave) diastolic 

velocities were measured and E/A ratio were calculated. From pulsed tissue Doppler, mitral e’ 

velocity was measured at septal and lateral regions and the averaged value was used to calculate 
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the E/e' ratio. The severity of mitral regurgitation was assessed by color, continuous wave Doppler 

and by other conventional quantitative parameters including the relative jet area into the left 

atrium. Likewise, tricuspid regurgitation was assessed using color Doppler and continuous‐wave 

Doppler techniques. Retrograde trans‐tricuspid peak pressure drop > 35 mmHg was taken as 

evidence for pulmonary hypertension [74]. 

Measurements of LA volume and mechanical function  

The anteroposterior (AP) diameter was measured in the parasternal long-axis view at the level of 

aortic sinuses using M-mode or two-dimensional (2D) echocardiography. While, LA transverse 

and longitudinal diameters were measured in the 4-chamber view. LA volumes were measured 

using area‐length method from the apical four and two chamber views, in line with the 

recommendations of the American Society of Echocardiography. LA maximum volume (LAV 

max) was measured at the end of LV systole, just before the opening of the mitral valve. LA 

minimum volume (LAV min) was measured at end diastole, directly after mitral valve closure, 

and the LA maximum volume index (LAVI max) and minimal volume index (LAVI min) were 

defined as LAV max and LAV min divided by body surface area [43, 46], respectively. LA 

compliance index was calculated using the following formula: 

LA	compliance	index =
LAVmax − LAVmin

LAVmin 	𝑥	100 

Six‐minute walking test  

In the same day of the echocardiographic examination, a six‐minute walking test (6‐MWT) was 

performed by a trained nurse, blinded to the results of the echocardiogram. All patients were 

informed of the purpose and protocol of the 6‐MWT which was conducted in a standardized 

fashion while patients on their regular medications. A 15-meter flat, obstacle‐free corridor was 

used and patients were instructed to walk as far as they can, turning 180° after reaching the end of 

the corridor, during the allocated time of 6 minutes [110]. Patients walked unaccompanied so as 

not to influence walking speed. At the end of the 6 min, the trained nurse measured the total 

distance the patient walked. Pulse and blood pressure were measured before and at the end of the 

walking test. 
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Study III and IV 

Study Population  

We included 215 consecutive patients with clinical signs and symptoms of HF with LV EF < 50%, 

(HFrEF and HFmrEF) according to the current ESC guidelines. Patients were referred to the 

Cardiac, Thoracic and Vascular Department, University of Pisa, Pisa, Italy between January 2013 

and December 2018. The study was approved by the local institutional review board and all 

patients gave written informed consent before enrollment in the study. Exclusion criteria were: 

atrial arrhythmia, history of congenital heart disease, pacemaker insertion, valve surgery, cardiac 

transplantation, chronic obstructive pulmonary disease (COPD) or recent acute coronary 

syndrome, stroke, poor echocardiographic window and the age < 18 years. Out of 162 with HFrEF 

26 patients were excluded in study IV due to lack of detailed data on diabetes (Figure 12).  

Data Collection  

Detailed history and clinical assessment were obtained in all patients, in whom routine blood tests 

were performed, including complete blood count, blood glucose, kidney function tests. Weight 

and height measurements were also assessed in all study patients.  

Follow up  

Cardiovascular events (CE) were prospectively reported during follow-up through clinical visits, 

personal communication with general physicians, chart review, telephone contact and electronic 

files of death certificates. The primary study end points were CE, combined death and 

hospitalization for worsening HF and secondary end points were all-cause mortality, cardiac death 

and HF-related hospitalization. 	

Echocardiographic examination  

All echocardiographic measurements were performed using an iE33 X5-matrix Ultrasound 

echocardiograph or an Epic Ultrasound echocardiograph (Philips, Andover, Massachusetts) and 

according to the guideline’s recommendations. LV volumes and EF were calculated from the 

apical 2- and 4-chamber views using the modified Simpson's method.  
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Pulsed-wave Doppler mitral velocity recordings were obtained from the apical 4-chamber view by 

positioning a 1–2 mm sample volume by the tips of the mitral valve leaflets, in diastole. The E-

wave deceleration time (DT) weas also measured. RV long-axis myocardial velocities were studied 

using Doppler myocardial imaging technique and applying conventional protocols. LV E/e’ was 

calculated as the ratio between trans-mitral peak E-wave velocity and mean lateral and septal LV 

myocardial velocities, respectively. Linear internal measurements of the LV were made from the 

parasternal long-axis view, carefully obtained perpendicular to the LV long axis, and measured at 

the level of the mitral valve leaflet tips. Mitral regurgitation severity was assessed by colour, 

continuous-wave Doppler and other conventional quantitative parameters and according to the 

recent guidelines was graded as mild, moderate or severe. Likewise, tricuspid regurgitation was 

assessed using colour Doppler and continuous-wave Doppler techniques. [74]  

LA structure and function measurements  

LA internal dimensions such as AP diameter and LA longitudinal and transvers diameter were 

assessed. LA volumes were measured using the Simpson method from the apical 4- and 2-chamber 

views. LA maximum volume (LAV max) was measured at end-systole, just prior to mitral valve 

opening while LA minimum volume (LAV min) was measured at end-diastole, directly after mitral 

valve closure. LA volumes were indexed to body surface area (BSA) [43].  2D speckle tracking 

software (Q-LAB version 6.0, TMQ, Philips Medical Systems, Andover, MA) was used to trace 

the LA endocardial border in the apical 4-chamber view, as recommended by the 

EACVI/ASE/Industry Task Force to standardize deformation imaging while taking care to exclude 

the LA appendage and pulmonary veins from the LA cavity, and a composite LA longitudinal 

reservoir strain curve throughout the cardiac cycle was generated [74]. Peak atrial longitudinal 

strain (PALS) was derived from the composite of the LA strain curve. LASt was calculated using 

the formula [111]:   

LASt =
E/e′
PALS	 
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          Figure 12. Flow chart of the patient’s selections for study IV 
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STATISTICAL ANALYSIS 

Study I 

The meta-analysis was conducted using statistical analysis, performed using the RevMan (Review 

Manager [RevMan] Version 5.1, The Cochrane Collaboration, Copenhagen, Denmark), with two-

tailed p value<0.05 considered as significant. Cohen’s d with 95% confidence interval (CI) was 

used to calculate the effect size, and to allow the correlation between LA cavity measurements, 

function and PCWP. The standard error (SE) of each study’s standardized effect estimate was 

calculated from the estimated effect and the study group sizes according to the formula provided 

by Cooper and Hedges [112]. When Pearson correlation coefficient (rp) was reported instead, it 

was transformed to Cohen’s d using Cohen’s conversion formula: 

																																																					𝑑 = 2-
√456!

  

 

The variance was calculated using the following formula: 

                                              𝑉𝑑 = 7"-
(456!)"

  

Vr is the variance of rp,  

 

While the SE of Vd was estimated using the formula, 

                                               𝑆𝐸 = √Vd   

The same conversion was applied to Spearman correlation coefficients (rs) since rp is equivalent to 

rs using rank data or is slightly smaller if the data was binomially distributed. The relationship 

between Cohen’s d and correlation r, as a guide was: d = 0.2 (small), d = 0.5 (medium), d = 0.8 

(large), d = 1.3 (very large) [113].  

The baseline characteristics are reported as mean and standard deviation (SD) values which were 

estimated using the method described by Hozo et al [114]. Analysis is presented in forest plots. 

Meta-analyses were performed with a fixed-effects model and a random effect was used if 

heterogeneity was encountered. Heterogeneity between studies was assessed using Cochrane Q 

test and I2 index. As a guide, I2 < 25% indicated low, 25 - 50% moderate and > 50% high 

heterogeneity. Publication bias was assessed using visual inspections of funnel plots and Egger’s 

test.  
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Diagnostic accuracy  

 

For evaluation of diagnostic accuracy of LA indices in the prediction of the elevated cavity 

pressure, we used the cut-off PCWP ≥15mmHg for elevated left-ventricular filling pressures. 

Sensitivity and specificity with 95% CI for individual studies were computed based on a diagnostic 

random-effects model. To evaluate the summary points that take into account within-study 

variability and between-study variability (heterogeneity), we performed hierarchical summary 

receiver operating characteristic (ROC) analysis using the Rutter and Gatsonis model [115]. 

Summary sensitivity, summary specificity and accuracy with 95% CI for individual studies based 

on true positive (TP), true negative (TN), false positive (FP), and false negative (FN) were 

computed using the diagnostic random-effects model. In addition, we calculated the positive 

likelihood ratio (LR+), negative likelihood ratio (LR), positive predictive value (PPV) and 

negative predictive value (NPV). Descriptive summary for best cut-off values that predict elevated 

PCWP was also analyzed, if ≥ 3 studies were available. In studies which did not provide optimal 

cut-offs, we created the ROC curve and identified the optimal cut-off as the point on the ROC 

curve closest to 0.1 on x-y coordinate. The Open Meta Analyst software 12 for Windows (64-bit 

version; Microsoft) was used for statistical analysis including graphic presentations of forest plots 

of sensitivity and specificity and hierarchical summary ROC curves.  

 

Study II, III and IV 

All statistical analysis were performed using SPSS Software Package version 22.0 (IBM Corp., 

Armonk, NY, USA). Data are summarized using frequencies (percentages) for categorical 

variables and mean ± standard deviation for continuous variables or median interquartile (IRQ) 

ranges, when appropriate continuous data were compared with two-tailed Student t-test and 

discrete data with Chi-square test. Analysis of variance and Bonferroni statistical tests were used 

to compare quantitative variables between more than two groups. Linear regression (Pearson’s 

coefficient) was performed to determine correlation. A p-value less than 0.05 was considered as 

statistically significant. 
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Predictors of 6‐MWT distance and cardiac events were identified with univariate analysis and 

multivariate logistic regression which was performed using the step-wise method.  

CART analysis was used to generate the best decision tree in predicting CE. The following 

predictors of CE were considered in the analysis: LASt 0.99%, E/e’ 13 OR PAPs > 35 mmHg and 

LV filling pattern (defined as DT < 120 ms and E/A ratio > 2). The diagnostic accuracy of the 

CART algorithm was compared with that of individual parameters using the exact binomial test. 

The relative increases in accuracy observed in patients with HFrEF and HFmrEF were compared 

using the Fisher exact probability test. The receiver operator characteristic (ROC) analyses were 

performed and the best cut-off values with its sensitivity and specificity were determined. Patients’ 

survival curves were estimated using the Kaplan–Meier product limit, which were also compared 

between groups using the log-rank test.  
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RESULTS  

Study I  

Search results and trial flow 

Of 872 articles identified in the initial search, 213 studies were screened as potentially relevant. 

After careful assessment of 48 full articles, only 18 articles with 1343 patients were finally 

included [116 - 133], (Figure 13 & Table 3). 

 

                   Figure 13. Flow chart of study section 
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Characteristics of included studies 

Of 18 articles included, 17 (94%) were prospective and one was retrospective. The mean age of 

patients was 61.8 ± 10.4 years, 69% male and mean LVEF was 49.4 ± 12.6%. Eight (47%) articles 

had heart failure population, 3 (17.6%) mitral valve regurgitation, 2 (11.7%) atrial fibrillation, 2 

(11.7%) coronary artery disease, and 3 (17.6%) other cardiac disease. The relationship between 

LA anatomical measurements and PCWP was reported in seventeen articles [116 - 119, 121 - 133]. 

Three of them had reported mean difference of PCWP based on different cut-off values of LAVI 

[119, 120, 131], while LA function was reported in 9 articles [117, 118, 119, 121-133] (Table 4 & 

5). In all LA function studies, LA 2D strain was measured based on R-R gating and the 

sonographers were blinded to pressure measurements.  
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Table 4. Echocardiographic characteristics of LA anatomical measurements 

                          LA anatomical measurements 
Author (year) PCWP LAD LA volumes     LA area 
Askenazi 1983 RHC, NR PLAX (M-mode) - - 
Appleton 1993 RHC, high flow catheter PLAX (M-mode) Apical 2 Ch ALM  
Tabata 2000 RHC, Swan–Ganz catheter - Apical 2 Ch ALM - 
Ceresa 2002 RHC, Swan-Ganz catheters - Apical 2 Ch ALM - 
Wakami 2009 RHC, Flow-directed catheter - Apical 2 & 4 Ch SM - 
Mullens 2009 RHC, PA catheters - Apical 2 & 4 ALM - 
Cameli 2010 RHC, PA catheters - Apical 2 & 4 Ch SM Planimetry 
Rafique 2012 RHC, Swan-Ganz catheter - Apical 2 & 4 Ch SM Planimetry 
Galderisi 2013 RHC, Swan-Ganz catheter - Apical 2 Ch ALM - 
Estep 2014 RHC, PA catheters - Apical 2 & 4 Ch SM - 
Hyllen 2015 RHC, 7.5F PA catheter  - Apical 2 & 4 Ch SM - 
Kawaski 2015 RHC, PA balloon-occlusion  - Apical 2 & 4 Ch SM - 
Tossavainen 2016 RHC, Swan-Ganz Catheters - Apical 2 & 4 Ch SM - 
Kawase 2016 RHC, Balloon-occlusion catheter PLAX (M-mode) Apical 2 & 4 Ch SM - 
Christensen 2016 RHC, Swan–Ganz catheter - Apical 2 & 4 Ch SM - 
Hummel 2017 RHC, Balloon tipped catheter - Apical 2 & 4 Ch SM - 

 
ALM: Area-length method; SM: Simpson’s method; Ch: Chamber; LA: left atrium; LAD: left atrial 
dimension; NR: non-reported; PCWP: pulmonary capillary wedge pressure; PA: pulmonary artery; RHC: 
right heart catheterization;  
 

 

 

 

 

 

 



 
 

46 

 



 
 

47 

The relationship between LA structure and PCWP 

LA anatomical measurements were available in 17/18 articles with total of 1041 patients, while 

LA volumes were measured in 14 articles and LA diameter and/or LA area in 5 articles (Table 6).  

To summarize the relationship between LA anatomical measurements and invasive PCWP, linear 

regression coefficient (rp) using the Cohen’s d was calculated. The pooled analysis showed an 

association between LA anatomical measurements and PCWP; LA diameter: Cohen’s d = 0.87 

(95% CI 0.47 to 1.28; p < 0.0001, I2 = 0%), LAV max: d = 1.0 (95% CI 0.36 to 1.64; p = 0.002, I2 

= 74%), LAVI max: d = 0.92 (95% CI 0.57 to 1.27’ p < 0.0001, I2 = 0%), as well as LAVI min: d 

= 1.0 (95% CI 0.45 to 1.64; p = 0.0005, I2 = 0%) (Figure 14). Except LAV max (I2 = 74%), there 

was no heterogeneity between studies as shown by the random effect. In addition, we assessed 

mean PCWP in different LA volume cut-offs and found that mean PCWP was higher in patients 

with increased LAVI max (Table 7).  
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Figure 14. Effect size of the correlation (Cohen’s d) between PCWP and LA size. 
 

LAD: Left atrial dimension; LAVI max: left atrial maximal volume indexed; LAVI min: left atrial minimal 

volume indexed.  
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Table 7. PCWP in different groups of cutoffs of LAVI 

 
LAVI; left atrial maximal volume indexed, CI: confidence interval 
 

 

 
The relationship between LA function and PCWP 

Nine studies have evaluated LA function with 653 patients, half of them had heart failure. 

Although, patients included in these studies were younger compared to those with anatomical LA 

measurements (63 ± 10 vs. 69 ± 10 years, p = 0.001), the LVEF did not show difference (47.5 ± 

10.5 vs. 50.3 ± 12.7 %; p = 0.67, Table 6). There were clear association between LA function 

parameters and PCWP: Cohen’s d = 1.26 (95% CI 0.95 to 1.57; p < 0.0001, I2 = 0%), PACS: d = 

1.62 (95% CI 0.99 to 2.25; p < 0.0001, I2 = 0%); and LA total EF d = 1.22 (95% CI 0.80 to 1.64, 

p < 0.0001, I2 = 0%) (Figure 15). 

    Cutoff No. of studies    High LAVI    Low LAVI Mean Difference  
   (reference) Mean   SD   Total Mean   SD   Total          95% CI 
≥60 ml/m2 N=1 [33] 17         9       26 11         3       14  6.00 [2.20-9.80] 
       
≥58 ml/m2 N=1 [25] 17         8       13 11        7       35  6.00 [1.07-10.9] 
         
≥35 ml/m2 N=1 [37] 14         4       25 9         2       14  5.00 [3.11-6.89] 

    
          

              Summary: 5.28 [3.68-6.88]                  
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Figure 15. Effect size of the correlation (Cohen’s d) between PCWP and LA function 
PALS: peak atrial longitudinal strain; PACS: Peak atrial contraction strain; LA total EF: Left atrial total 

emptying fraction.  

 

The strongest LA structure and function parameters in predicting PCWP 

To determine the best predictor of elevated pulmonary capillary wedge pressure we used a 

hierarchical summary ROC analysis, which proved that the LA function (PALS ≤ 19%) was 

stronger and more accurate than LA size (LAVI ≥ 34ml/m2) with summary sensitivity of 80% (65 

- 90) vs 75 % (55 - 89), summary specificity of 77% (52 - 92) vs. 77% (57 – 90), and diagnostic 

odds ratio 15.1 (7.41 – 30.6) vs 10.1 (5.7 - 18.9) (Figure 16).  
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Figure 16. LAVI ≥34ml/m2 vs. PALS ≤19% in predicting elevated PCWP 

a) the forest plot comparison LAVI vs. PALS; b) The summary ROC curve comparison LAVI vs. PALS. 
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Based on the diagnostic odds ratios, the best cut-off values for predicting PCWP > 15mmHg were: 

PALS ≤ 19% DOR: 15.1 (7.4 - 30.6), LA area > 20 cm/m2 =13.0 (4.01 - 42.13), LAVI ≥34ml/m2 

=10.1 (5.7–18.8), LAEF ≤ 35% = 9.95 (2.84 - 34.8) and LA diameter ≥ 46mm = 5.41 (1.72 - 17) 

(Figure 17a & 15b). The different of LA predictors that predict PCWP ≥15mmHg are presented in 

table 8.  

 

 

 Figure 17a) The forest plat comprising different predictors of left atrium. 
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Figure 17b) The SROC curve 
comprising different predictors 
of left atrium.  
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Risk of bias  

The assessment of risk of bias based on QUADS-2 demonstrated that most studies had high or 

moderate level of quality and clearly defined the objectives and the main outcome (Figure 18 & 

Table 9). All domains have low risk of bias (< 40%) except patients’ selection domain that had 

high or unclear risk of 50% due to lack of adequate exclusion and/or patient recruitment. In 

addition, there was no evidence for publication bias evaluated by the Egger’s test for main findings 

(LA diameter, LAVI max, LAVI min, PALS, PACS and LA total EF). 

 

 

 

 

Figure 18. Summary of quality assessment analysis (Quality Assessment of Diagnostic Accuracy 

Studies-QUADAS 2). 
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Table 9. Summary of QUADAS-2 Assessment of Selected Studies 
 

Author (year) Risk of bias Applicability concerns 
reference Patients Index Reference Flow and Patients Index Reference 
     selection test standard timing selection test standard 
Askenazi 1983 Unclear High Low Low Unclear Unclear Unclear 
Appleton 1993 Low Low Low Low Low Low Low  
Tabata 2000 Unclear Unclear High Low High Low Low 
Ceresa 2002 Low Low Unclear Unclear High Low  High 
Wakami 2009 Unclear Low Low  Low Low Low Unclear 
Kurt 2009 Low Low Low Low Low Low  Low  
Mullens 2009 Unclear Unclear Low Low Low Unclear Low 
Cameli 2010 Low Low Low  Low Low Low Low 
Rafique 2012 High Unclear Unclear  Low Unclear Unclear  Low 
Galderisi 2013 Low Low Low Low Low Low Low 
Estep 2014 Low Unclear Unclear Low Low Low Low  
Hyllen 2015 High Low  Low  High High Low  Unclear  
Kawaski 2015 Unclear Low  Low  Unclear Unclear Low  Low  
Tossavainen 2016 Low  Low  Low  Low  Low  Low  Low 
Kawase2016 Unclear Low  Low  Low  High Unclear Low  
Christensen 2016 Low  Low  Low  Low  Low  Low  Low  
Hewing 2017 Low  Low  Low  Low  Low  Low  Low  
Hummel 2017 Low  Low  Low  Low  Low  Low  Low  

 
QUADAS-2: Quality Assessment of Diagnostic Accuracy Studies-2. 
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Study II 

Clinical data 

The mean age of the study population was 60 ± 9 years, 62% females, and 7.9% were in atrial 

fibrillation. Patients had compromised 6-MWT, higher BMI, NYHA class and biochemical 

analysis (p<0.05 for all) compared to control (Table 10). As far as echocardiographic parameters 

of cardiac structure and function are concerned, patients with HFpEF exhibited impaired LV 

longitudinal function indices and abnormal LV diastolic function compared with controls (p < 

0.05). In patients, LA diameter (p = 0.001), LAV min, and LAV max were also increased (p = 

0.02, p = 0.003, respectively), while LA compliance index (p = 0.003) and TAPSE were reduced 

(p = 0.04; Table 11).  

Table 10. Clinical and biochemical data between patients and controls  
 
 Variable Controls  HFpEF patients P value 
 (n = 41) (n = 143)  
Age (years) 57 ± 6 60 ± 9 0.07 
Sex (female, %) 56 62 0.08 
Smoking (%) 39 44 0.79 
Waist/hip ratio 0.91 ± 0.1 0.95 ± 0.1 0.08 
BMI (kg/m2) 26 ± 3.1 29 ± 4.3 0.004 
BSA (m2) 1.1 ± 0.1 1.1 ± 0.2 0.56 
SBP (mmHg) 129 ± 13 139 ± 24 0.03 
DBP (mmHg) 79 ± 9 86 ± 12 0.007 
HR (beats/min) 75 ± 12 83 ± 15 0.02 
NYHA class 0.26 ± 0.4 1.59 ± 0.8 <0.001 
6MWT (m) 464 ± 43 328 ± 90 <0.001 
Glucose (mmol/L) 5.6 ± 0.9 7.3 ± 3.4 0.03 
Urea (mmol/L) 6.9 ± 2.2 8.4 ± 5.3 0.22 
Creatinine (umol/L) 82 ± 14 93 ± 40 0.29 
Cholesterol (mmol/L) 4.7 ± 1.3 5.0 ± 1.2 0.42 
Triglyceride (mmol/L) 1.4 ± 0.7 1.8 ± 0.9 0.10 
RBC (106/mm3) 4.5 ± 0.5 4.2 ± 0.6 0.14 
WBC (103/mm3) 7.3 ± 2.4 7.5 ± 2.7 0.79 
Hematocrit (%) 38 ± 8.5 37 ± 8.7 0.60 

BMI: body mass index; BSA: body surface area; SBP: systolic blood pressure; DBP: diastolic  
blood pressure; HR: heart rate; NYHA: New York Heart Association; 6MWT: six-minute walk 
test: RBC: red blood cell; WBC: white blood cell. 
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Table 11. Echocardiographic date between patients and controls 
 
 Variable Controls  HFpEF patients P value 
 (n = 41) (n = 143)  
LV dimension and mass     
LV mass index (g/m 2.7) 42 ± 10 53 ± 17 0.003 
LV EDD (cm) 4.8 ± 0.4 4.9 ± 0.6 0.68 
LV ESD (cm) 3.2 ± 0.4 3.3 ± 0.5 0.56 
IVSd (cm) 1.17 ± 0.1 1.23 ± 0.2  0.40 
LVPWd (cm) 1.0 ± 0.1 1.1 ± 0.2  0.06 
EDV (ml) 113 ± 27 117 ± 28 0.35 
ESV (ml) 41 ± 17 46 ± 18 0.14 
LV systolic function     
LV EF (%) 63 ± 8.1 61 ± 8.5 0.33 
LV shortening fraction (%) 34 ± 5.9 33 ± 6.6 0.37 
Lateral s' (cm) 6.6 ± 1.6 5.6 ± 1.3 <0.001 
Septal s' (cm/s) 5.5 ± 1.1 4.8 ± 1.3 0.003 
MAPSEs (cm) 1.2 ± 0.2 1.0 ± 0.2  <0.001 
MAPSEl (cm) 1.5 ± 0.2 1.1 ± 0.3 <0.001 
E/e' ratio 7.4 ± 2.2 9.3 ± 4.6 0.03 
LV diastolic function     
E wave (cm/s) 56 ± 13 57 ± 17 0.79 
A wave (cm/s) 61 ± 17 74 ± 23 0.001 
E wave DT (ms) 195 ± 34 194 ± 47 0.94 
Lateral e' (cm/s) 9.5 ± 2.9 7.3 ± 2.6 <0.001 
Lateral a' (cm/s) 9.7 ± 2.5 8.6 ± 2.8 0.04 
Septal e' (cm/s) 7.1 ± 2.0 5.6 ± 2.6 <0.001 
Septal a' (cm/s) 8.5 ± 2.1 8.3 ± 2.4 0.53 
RV function     
Tricuspid E (cm/s) 51.2 ± 17 46.4 ± 12 0.06 
Tricuspid A (cm/s) 47.9 ± 19 50.8 ± 15 0.30 
Right s' (cm/s) 9.7 ± 2.9 9.0 ± 2.9 0.18 
TAPSE (cm) 2.5 ± 0.3 2.3 ± 0.5 0.04 
LA dimension and function    
LA AP diameter (cm) 3.73 ± 0.3 4.12 ± 0.5 0.001 
LA transversal diameter (cm) 3.6 ± 0.5 3.9 ± 0.6 0.006 
LA long diameter (cm) 5.2 ± 0.7 5.6 ± 0.8 0.002 
LAV max (ml) 43.7 ± 13 55.3 ± 17 0.02 
LAVI max (ml/m2) 42.6 ± 18 46.9 ± 21 0.17 
LAV min (ml) 15.2 ± 5.1 20.4 ± 12 0.003 
LAVI min (ml/m2) 13.9 ± 4.9 19.3 ± 13 0.03 
LA compliance index (%) 221 ± 100 176 ± 78 0.003 

LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic dimension; IVSd: inter-ventricular septum in 
diastole; PWd: parietal wall in diastole; EDV: end-diastolic volume; ESV: end systolic volume; MAPSE: mitral annular 
plane systolic excursion; TAPSE: tricuspid annular plane systolic excursion; septal;  lateral; A: atrial diastolic velocity; 
E: early diastolic filling velocity; e’: early diastolic myocardial velocity; s’: systolic myocardial velocity.; LA: left atrial; 
LAV max: Left atrial maximal volume; LAVI max: left atrial volume index; LAV min: left atrial minimal volume; LAVI 
min: left atrial volume index. 
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Clinical, biochemical, and echocardiographic data in patients with RV dysfunction  

Patients with HFpEF and RV dysfunction were older, had more advanced NYHA class and more 

compromised 6‐MWT (p<0.005 for all) compared with those with maintained RV function (Table 

12). In addition, patients with HFpEF and RV dysfunction had higher LV mass index (p = 0.01), 

impaired LV longitudinal function indices in the form of reduced lateral and septal MAPSE (p < 

0.001, for both) and septal s’ (p = 0.02). They also had worse diastolic function as shown by 

reduced septal e’ and a’ (p < 0.05 for all) and lateral a’ (p = 0.01). Longitudinal RV function was 

also abnormal showing reduced e’ and s’ (p=0.001, p=0.003, respectively). LAVI min and LAVI 

max were increased (p < 0.001, p = 0.002, respectively) and LA compliance index was reduced 

(p < 0.001) despite LA diameter being not different between groups (Table 13).  

Table 12. Clinical and biochemical data between patient’s groups 
 
 Variable HFpEF HFpEF P value 
 (TAPSE >1.7) (TAPSE ≤ 1.7)  
 (n = 103) (n = 40)  
Age (years) 59 ± 8 64 ± 10 0.002 
Sex (female, %) 65 82 0.04 
Smoking (%) 36 34 0.72 
Waist/hip ratio 0.95 ± 0.1 0.94 ± 0.1 0.67 
BMI (kg/m2) 29.4 ± 4.0 29.2 ± 4.9 0.98 
BSA (m2) 1.1 ± 0.1 1.0 ± 0.2 0.11 
SBP (mmHg) 130 ± 23 142 ± 24 0.01 
DBP (mmHg) 86 ± 11 85 ± 14 0.45 
HR (beats/min) 80 ± 14 88 ± 16 0.01 
NYHA class 1.4 ± 0.7 1.9 ± 0.8 0.001 
6MWT (m) 346 ± 68 265 ± 80 0.002 
Glucose (mmol/L) 7.1 ± 3.3 7.7 ± 3.6 0.36 
Urea (mmol/L) 7.7 ± 5.5 9.6 ± 5.9 0.10 
Creatinine (umol/L) 92 ± 51 90 ± 28 0.92 
Cholesterol (mmol/L) 4.7 ± 1.4 4.6 ± 1.2 0.80 
Triglyceride (mmol/L) 1.8 ± 0.9 1.7 ± 0.6 0.62 
RBC (106/mm3) 4.3 ± 0.3 3.9 ± 0.7 0.003 
WBC (103/mm3) 7.3 ± 2.9 7.9 ± 2.3 0.41 
Hematocrit (%) 38 ± 4.7 34 ± 6.0 0.001 
Hypertension (%)  71 77 0.74 
Diabetes (%) 32 37 0.70 
CAD (%) 23 32 0.53 

BMI: body mass index; BSA: body surface area; SBP: systolic blood pressure; DBP: diastolic blood  
pressure; HR: heart rate; NYHA: New York Heart Association; 6MWT: six-minute walk test: RBC:  
red blood cell; WBC: white blood cell; CAD: coronary artery disease.  
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Table 13. Echocardiographic data between patient’s groups 
 
 Variable HFpEF HFpEF P value 
 (TAPSE >1.7) (TAPSE ≤ 1.7)  
 (n = 103) (n = 40)  
LV dimension and mass     
LV mass index (g/m 2.7) 49 ± 16 60 ± 19 0.001 
LV EDD (cm) 4.9 ± 0.5 5.0 ± 0.4 0.38 
LV ESD (cm) 3.2 ± 0.5 3.4 ± 0.6 0.04 
IVSd (cm) 1.1 ± 0.2 1.2 ± 0.3 0.15 
LVPWd (cm) 1.0 ± 0.1 1.0 ± 0.2  0.82 
EDV (ml) 117 ± 29 121 ± 28 0.40 
ESV (ml) 45 ± 17 50 ± 18 0.54 
LV systolic function     
LV EF (%) 62 ± 8.2 59 ± 9.2 0.68 
LV shortening fraction (%) 34 ± 6.1 32 ± 7.6 0.61 
Lateral s' (cm) 5.7 ± 1.3 5.3 ± 1.5 0.21 
Septal s' (cm/s) 5.0 ± 1.3 4.2 ± 0.9 0.02 
MAPSEs (cm) 1.3 ± 0.2 1.0 ± 0.2  <0.001 
MAPSEl (cm) 1.4 ± 0.3 1.1 ± 0.3 <0.001 
E/e' ratio 9.1 ± 4.1 9.8 ± 5.7 0.20 
LV diastolic function     
E wave (cm/s) 55± 16 61 ± 21 0.09 
A wave (cm/s) 73 ± 17 77 ± 25 0.25 
E wave DT (ms) 198 ± 42 183 ± 60 0.08 
Lateral e' (cm/s) 7.5 ± 2.5 6.8 ± 2.8 0.18 
Lateral a' (cm/s) 9.0 ± 2.7 7.6 ± 3.0 0.01 
Septal e' (cm/s) 5.8 ± 2.3 4.9 ± 1.5 0.03 
Septal a' (cm/s) 8.6 ± 2.3 7.2 ± 2.4 0.002 
RV function     
Tricuspid E (cm/s) 47.6 ± 12 43.2 ± 14 0.07 
Tricuspid A (cm/s) 51.3 ± 14 49.3 ± 17 0.10 
Right e' (cm/s) 10.4 ± 3.4 8.1 ± 2.3 0.001 
Right s' (cm/s) 9.4 ± 2.9 7.7 ± 2.7 0.003 
LA dimension and function    
LA AP diameter (cm) 4.0 ± 0.4 4.2 ± 0.5 0.048 
LA transversal diameter (cm) 3.8 ± 0.5 4.1 ± 0.6 0.001 
LA long diameter (cm) 5.5 ± 0.6 5.9 ± 0.9 0.001 
LAV max (ml) 47.9 ± 15 57.0 ± 21 0.005 
LAVI max (ml/m2) 43.2 ± 13 56.2 ± 20 0.002 
LAV min (ml) 16.5 ± 6 30.5 ± 17 <0.001 
LAVI min (ml/m2) 15.6 ± 7 29.6 ± 19 <0.001 
LA compliance index (%) 202 ± 68 109 ± 62 <0.001 

LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic dimension; IVSd: inter-ventricular septum in 
diastole; PWd: parietal wall in diastole; EDV: end-diastolic volume; ESV: end systolic volume; MAPSE: mitral annular 
plane systolic excursion; TAPSE: tricuspid annular plane systolic excursion; A: atrial diastolic velocity; E: early diastolic 
filling velocity; e’: early diastolic myocardial velocity; s’: systolic myocardial velocity.; LA: left atrial; LAV max: Left 
atrial maximal volume; LAVI max: left atrial volume index; LAV min: left atrial minimal volume; LAVI min: left atrial 
volume index. 
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Relationships of cardiac structure and function parameters with 6‐minute walking distance  

On linear regression analysis, the following parameters directly correlated with the 6‐MWT 

distance: LA compliance index (r = 0.51, p < 0.001, Figure 19) and septal MAPSE (r = 0.34, p = 

0.007). LA AP diameter (r = ‐0.30, p = 0.02), LA transversal diameter (r = ‐0.35, p =0.005), 

LAVI max (r = ‐0.38, p = 0.001), and LAVI min (r = ‐0.49, p < 0.001) inversely correlated with 

the 6‐MWT distance (Table 5). 

 

Figure 19. Correlation 

between LA compliance 

index and the results of 

the 6-MWT. 
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Table 14. Correlations of echocardiographic variables with 6-MWT 
 

Variable R P 
LV mass index (g/m 2.7) -0.19 0.17 
LV EDD (cm) -0.07 0.61 
LV ESD (cm) -0.17 0.21 
LV EF (%) 0.06 0.69 
MAPSE s (cm) 0.34 0.007 
MAPSE l (cm) 0.28 0.32 
E wave (cm/s) -0.12 0.39 
A wave (cm/s) -0.14 0.33 
E/e’ ratio 0.06 0.66 
Tricuspid E (cm/s) -0.20 0.67 
Tricuspid A (cm/s) -0.21 0.12 
TAPSE (cm) 0.49 <0.001 
LA AP diameter (cm) -0.30 0.02 
LA transversal diameter (cm)            -0.35 0.005 
LA long diameter (cm) -0.22 0.89 
LAVI max (ml/m2) -0.38 0.04 
LAVI min (ml/m2) -0.49 <0.001 
LA compliance index (%) 0.51 <0.001 

 
LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic dimension; MAPSE: mitral annular plane 
systolic excursion; TAPSE: tricuspid annular plane systolic excursion; A: atrial diastolic velocity; E: early 
diastolic filling velocity; e’: early diastolic myocardial velocity; s’: systolic myocardial velocity; LA: left 
atrial; LAVI max: left atrial volume index; LAVI min: left atrial volume index. 
 

 

Univariate and multivariate predictors of compromised 6‐minute walking test  

In univariate analysis, age, septal MAPSE, TAPSE, LA AP diameter, LAV volumes and LA 

compliance index (p < 0.05 for all) predicted limited 6‐MWT distance, while, in multivariate 

analysis, only LA compliance index OR = 0.969 (95% CI 0.949 – 0.998; p = 0.03) and LA 

transverse diameter OR = 1.327 (95% CI; 1.011 – 1.742; p = 0.04) independently predicted poor 

exercise capacity (Table 15).  A LA compliance < 60% was 88% sensitive and 61% specific AUC 

= 0.80 (CI; 0.67 – 0.92; p = 0.001), in predicting exercise capacity (Figure 20).  
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Table 15. LA compliance index as univariate and multivariate predictor of 6-MWT 
 
Variable Odds ratio (95% CI) P 
Univariate predictors   
Age 1.113 (1.022 - 1.211) 0.01 
Gender 0.588 (0.177 - 1.951) 0.38 
BMI 0.891 (0.754 - 1.053) 0.89 
NYHA class 2.543 (0.947 – 6.826) 0.67 
Urea 1.075 (0.898 - 1.287) 0.42 
Creatinine 0.997 (0.983 - 1.011) 0.67 
LV mass index (g/m 2.7) 1.028 (0.992 - 1.065) 0.12 
LV EDD (cm) 0.835 (0.282 - 2.473) 0.74 
LV ESD (cm) 1.422 (0.493 – 4.100) 0.51 
LV EF (%) 0.986 (0.920 – 1.057) 0.69 
MAPSE s (cm) 0.033 (0.002 - 0.445) 0.01 
MAPSE l (cm) 0.237 (0.022 – 2.515) 0.23 
E/e’ ratio 0.912 (1.791 – 1.050) 0.21 
TAPSE (cm) 0.109 (0.022 – 0.547) 0.007 
LA AP diameter (cm) 1.169 (1.013 – 1.348) 0.03 
LA transversal diameter (cm) 1.179 (1.039 – 1.338) 0.01 
LA long diameter (cm) 1.047 (0.963 – 1.113) 0.27 
LAVI max (ml/m2) 1.047 (1.007 - 3.088) 0.02 
LAVI min (ml/m2) 1.196 (1.057 - 1.354) 0.005 
LA compliance index (%) 0.974 (0.958 – 0.998) 0.002 
Multivariate predictors 
Age 1.057 (0.939 - 1.191) 0.35 
LA AP diameter (cm) 1.050 (0.801 – 1.377) 0.72 
MAPSEs (cm) 0.263 (0.005 - 3.159) 0.50 
TAPSE (cm) 0.260 (0.011 – 6.093) 0.40 
LA transversal diameter (cm) 1.327 (1.011 – 1.742) 0.04 
LAVI max(ml/m2) 1.069 (0.947 - 1.207) 0.27 
LAVI min(ml/m2) 0.834 (0.674 – 1.032) 0.09 
LA compliance index (%) 0.969 (0.949 - 0.998) 0.03 

 
BMI: body mass index; NYHA: New York Heart Association LV: left ventricle; EDD: end-diastolic dimension; 
ESD: end-systolic dimension; MAPSE: mitral annular plane systolic excursion; TAPSE: tricuspid annular 
plane systolic excursion; A: atrial diastolic velocity; E: early diastolic filling velocity; e’: early diastolic 
myocardial velocity; s’: systolic myocardial velocity; LA: left atrial; LAVI max: left atrial volume index; LAVI 
min: left atrial volume index. 
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Figure 20. LA compliance 

index < 60% was 88% 

sensitive and 61% specific 

(AUC = 0.80, p < 0.001), 

in predicting exercise 

capacity as assessed by the 

6-MWT. 
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Study III 

Clinical, demographic and echocardiographic data 

Patients’ mean age was 66 ± 11 years and 24.4% were females. All patients were in sinus rhythm, 

had EF < 50% and NYHA class ≤ 3. Based on EF, patients were divided into two groups: group-

I: patients with EF <40%, (HFrEF, n=162) and group-II: EF 40 to 49% (HFmrEF, n = 53). 73.6% 

patients had raised BNP > 125pg/mL, 40.6% were hypertensives, 31.3% diabetics, 26.3% had 

chronic renal failure and 48.8% had coronary artery disease. 80.5% of the study patients were 

taking diuretics, 87% beta-blockers and 86.9% ACE-I or ARBs. A total of 71 (33%) patients had 

E/e’ > 15, 15.9% had restrictive LV filling pattern and insignificant (less than moderate) mitral 

regurgitation was present in 90 patients (43%) (Table 16).  

 

At a mean follow-up of 41.4 ± 34 months, 63 (29.3%) patients had CE and the remaining 152 

(70.6%) had no CE. Patients with CE had higher NYHA class and BNP level (p < 0.05 for both), 

but age and gender were not different (p>0.05 for both) from those without CE. In addition, they 

had more comorbidities such as: systemic hypertension, diabetes, chronic renal failure and 

coronary artery disease (p < 0.05 for all). They received more diuretics (p < 0.001) but beta- 

blockers, ACE-I or ARBs (p > 0.05 for both) were not different between groups. In addition, 

patients with cardiac events had worse cardiac dysfunction: larger LV dimensions (LVEDD and 

LVESD; p <0.05 for both), larger LV volumes (LVEDV and LVESD; p < 0.05 for both), lower 

EF (p < 0.001), higher E/A ratio (p = 0.04) and frequent insignificant (less than moderate) mitral 

regurgitation (p<0.001) compared to those without cardiac events. They also had increased PAP 

and lower RV longitudinal systolic function (p < 0.05 for both) as well as deteriorated LA structure 

and function: the LA dimensions and LA volumes were increased (p < 0.005 for all), PALS was 

impairment (p < 0.001) and LA stiffness was higher (p < 0.001) compared with those without CE 

(Table 17).  
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Table 16. Baseline clinical, demographic and echocardiographic characteristics of patients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NYHA: New York Heart Association; AH: arterial hypertension; DM: diabetes mellitus; CAD: coronary artery 
disease; CRF: chronic renal failure; ACE: Angiotensin-converting enzyme; ARBs: angiotensin II receptor blockers; 
LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic dimension; EDV: end-diastolic volume; ESV: 
end systolic volume; TAPSE: tricuspid annular plane systolic excursion; PAP: pulmonary artery systolic pressure; 
LA: left atrium; LAVI max/min: Left atrial maximal/minimal volume/indexed; 
 
 
 
 
 

 Variable HF patients 
 (n = 215) 
Clinical data  
Age (years) 66 ± 11 
Sex (female, n, %) 53 (24.4) 
NYHA class 1.87 ± 0.6 
AH (n, %) 88 (40.6) 
DM (n, %) 68 (31.3) 
CAD (n, %) 106 (48.8) 
CRF (n, %) 57 (26.3) 
Loop diuretics (n, %) 173 (80.5) 
Beta-blockers (n, %) 188 (87) 
ACE or ARBs (n, %) 187 (86.9) 
BNP pg/ml 477 ± 119 
BNP>125 (n, %) 159 (73.6) 
Echocardiographic data  
LV EDD (cm) 6.1 ± 0.7 
LV ESD (cm) 4.8 ± 0.8 
EDV (ml) 193 ± 54 
ESV (ml) 130 ± 47 
LV EF (%) 33 ± 7.3 
E wave (cm/s) 72.7 ± 24.3 
A wave (cm/s) 81.2 ±72 
E/A ratio 1.22 ± 0.9 
E wave DT (ms) 181.7 ± 23 
E/e' ratio 13.4± 5.6 
TAPSE (cm) 19.4 ± 3.5 
PAP mmHg 36.6 ± 10 
Mitral regurgitation (n, %) 94 (43.3) 
LA diameter (cm) 4.6 ± 0.6 
LAVI max (ml/m2) 36.9 ± 13 
LAVI min (ml/m2) 24.3 ±1 
PALS (%) 19.6 ± 9.4 
LASt (%) 0.96 ± 0.6 
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Table 17. Baseline clinical, demographic and echocardiographic characteristics of the study groups 
 
 Variable CE- (n=152) CE+ (n=63) P value 
Clinical data    
Age (years) 66 ± 11  67.4 ± 11 0.34 
Sex (female, n, %) 39 (25.6) 14 (21.5) 0.21 
NYHA class 1.72 ± 0.7 2.22 ± 0.6 <0.001 
AH (n, %) 55 (36.2) 33 (50.7) 0.01 
DM (n, %) 40 (26.3) 28 (43.1) 0.01 
CAD (n, %) 64 (42.1) 42 (64.6) 0.01 
CRF (n, %) 34 (22.3) 23 (35.3) 0.001 
Loop diuretics (n, %) 111 (73.2) 62 (95.3) <0.0001 
Beta-blockers (n, %) 134 (88.1) 54 (83.1) 0.12 
ACE or ARBs (n, %) 134 (88.1) 53 (81.5) 0.08 
BNP>125 (n, %) 104(68.4) 55 (84.6) 0.001 
Echocardiographic data    
LV EDD (cm) 6.0 ±0.6 6.3 ±0.7 0.01 
LV ESD (cm) 4.7 ± 0.8 5.1 ± 0.7 <0.001 
EDV (ml) 187 ± 51 207 ± 59 0.01 
ESV (ml) 124 ± 43 143 ± 57 0.009 
LV EF (%) 34 ± 6.1 30 ± 7.1 0.001 
E wave (cm/s) 69.3 ± 23 80.4 ± 20 0.002 
A wave (cm/s) 85.1 ± 47 71.3 ± 29 0.24 
E/A ratio 1.03 ±0.8 1.30 ±0.6 0.048 
E/A>2 (n, %) 17 (11.1) 16 (24.6) 0.004 
E wave DT (ms) 190 ± 64 163 ± 58 0.01 
E/e' ratio 12.3± 4.7 16.0 ± 6.4 <0.001 
E/e’ ratio>15 (n, %) 39 (25.6) 32 (49.2) <0.001 
TAPSE (cm) 19.9 ± 3.3 18.1 ± 3.7 0.001 
PAP mmHg 33.8 ± 9.2 43.0 ± 10 <0.001 
Mitral regurgitation (n, %) 55 (35.2) 35 (60.3) <0.001 
LA diameter (cm) 4.4 ± 0.8 4.9 ± 0.7 0.001 
LAVI max (ml/m2) 34.2 ± 11 43.4 ± 15 <0.001 
LAVI min (ml/m2) 20.9 ±11 31.9 ±14 <0.001 
PALS (%) 22.3 ± 9.3 12.9 ± 6.7 <0.001 
LASt (%) 0.68 ± 0.4 1.6 ± 1.1 <0.001 

 
CE: cardiac events; (-): no cardiac events; (+):cardiac events; NYHA: New York Heart Association; AH: arterial 
hypertension; DM: diabetes mellitus; CAD: coronary artery disease; CRF: chronic renal failure; ACE: Angiotensin-
converting enzyme; ARBs: angiotensin II receptor blockers; LV: left ventricle; EDD: end-diastolic dimension; ESD: 
end-systolic dimension; EDV: end-diastolic volume; ESV: end systolic volume; TAPSE: tricuspid annular plane 
systolic excursion; PAP: pulmonary artery systolic pressure; LA: left atrium; LAVI max/min: Left atrial 
maximal/minimal volume/indexed; 
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Predictors of cardiac events 

In univariate analysis, different parameter of LV, RV and LA structure and function predicted 

cardiac events including: LV ejection fraction (p < 0.001), NYHA class (p < 0.001), PSAP (p < 

0.001), E/e’ ratio (p<0.001), TAPSE (p=0.001), LA volumes (p < 0.001 for all), PALS and LASt 

(p < 0.001 for both). However, in multivariate analysis model, only increased LV filling pressure: 

E/e’>15, OR = 2.292, (95% CI 2.099 – 2.859; p=0.02), PAP OR = 1.050 (1.009 – 1.094; p = 0.01) 

PALS OR = 0.932 (0.873 to 0.994; p = 0.02) and LASt OR = 3.781 (1.144 to 5.122; p = 0.001) 

independently predicted CE (Table 18). Collinearity between these measurements was not met 

based on the statistical criteria of VIF (< 10) for all predictors.	

 

Table 18. Predictors of cardiac events 
 
Variable  Univariate predictors P value Multivariate predictors P value 
    odds ratio (95% CI)  Odds ratio (95% CI)  
Age 1.013 (0.978 to 1.039) 0.33   
Gender 1.257 (0.628 to 2.518) 0.51   
NYHA class 2.638 (1.712 to 4.065) <0.001 1.394 (0.791 to 2.456) 0.25 
LV EDD 2.407 (1.538 to 3.767) 0.001   
LV ESD 1.066 (1.027 to 1.106) 0.002   
LV EDV 1.007 (1.001 to 1.012) 0.011   
LV ESV 1.008 (1.002 to 1.014) 0.010   
LV EF 0.915 (0.876 to 0.957) <0.001 0.980 (0.923 to 1.040) 0.50 
E/A ratio 1.329 (0.980 to 1.803) 0.066   
E/e’ ratio 1.128 (1.065 to 1.194) <0.001   
E/e’ >15 2.810 (1.538 to 5.158) 0.001 2.292 (2.099 to 2.859) 0.02 
TAPSE 0.850 (0.774 to 0.934) 0.001   
PAP 1.096 (1.059 to 1.134) <0.001 1.050 (1.009 to 1.094) 0.01 
LA diameter 1.124 (1.068 to 1.184) 0.001 1.027 (0.953 to 1.107) 0.48 
LAVI max  1.052 (1.028 to 1.077) <0.001 1.000 (0.916 to 1.097) 0.69 
LAVI min 1.066 (1.040 to 1.093) <0.001 1.019 (0.928 to 1.118) 0.59 
PALS 0.843 (0.798 to 0.891) <0.001 0.932 (0.873 to 0.994) 0.02 
LASt 3.122 (2.098 to 4.476) <0.001 3.781 (1.144 to 5.122) 0.001 

 
New York Heart Association LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic dimension; 
TAPSE: tricuspid annular plane systolic excursion; LA: left atrial; LAVI max: left atrial volume index; LAVI 
min: left atrial volume index. 
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A LASt 0.76% predicted CE with 80% sensitivity and 73% specificity AUC = 0.82, (CI; 0.73–

0.87; p < 0.001), predicted cardiac death with 86% sensitivity and 64% specificity AUC = 0.80, 

(CI; 0.66 – 0.88; p < 0.001), all-cause mortality with 76% sensitivity and 64% specificity AUC = 

0.76, (CI; 0.66 – 0.87; p < 0.001) and HF related hospitalization AUC = 0.72, (CI; 0.63 – 0.84; p 

< 0.001) with 75% sensitivity and 64% specificity (Figure 21).  

	

	

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. LA stiffness 0.76% in predicting. (a) Cardiac events; (b) Cardiac death; (c) All-cause 

(d) HF-related hospitalization.  

HF: heart failure; AUC: area under curve; ROC: receiver operator characteristic.  



 
 

71 

A PAP ≥ 36 mmHg predicted CE with 75% sensitivity and 70% specificity, AUC = 0.75, (CI; 0.69 

- 0.83; p < 0.001), cardiac death with 76% sensitivity and 64% specificity, AUC = 0.76, (CI; 0.68 

- 0.84; p < 0.001), all-cause mortality with 75% sensitivity and 64% specificity, AUC = 0.74, (CI; 

0.66 - 0.82; p < 0.001) and HF-related hospitalization AUC = 0.66 (CI; 0.58 - 0.75; p < 0.001) 

with 69% sensitivity and 62% specificity (Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. PALS ≤ 16 in predicting. (a) Cardiac events; (b) Cardiac death; (c) All-cause 

mortality; (d)  

HF-related hospitalization. PALS: peak atrial longitudinal strain.	
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Predictors of cardiac events according to EF  

A LA stiffness ≥0.76% was 75% sensitive and 70% specific AUC = 0.79, (CI; 0.72 - 0.86; p < 

0.001) in predicting CE in patients with HFrEF and 75% sensitive and 90% specific, AUC = 0.84 

(CI; 0.99 - 0.86, p = 0.003) in patients with HFmrEF. PALS ≤ 16% had similar predictive powers 

for CE with 78% sensitivity and 68% specificity, AUC = 0.77 (CI; 0.69 - 0.85; p < 0.001) in HFrEF 

patients and 65% sensitivity and 80% specificity, AUC=0.75, CI; 0.54 - 0.96, p = 0.02) in those 

with HFmrEF (Figure 23).  

 

Figure 23. LA stiffness and PALS in predicting cardiac events in patients with HFrEF and 

HFmrEF;  
a) LA stiffness ≥0.76% in cardiac events in HFrEF; b) PALS ≤ 16 in predicting cardiac events in HFrEF 
patients; c) LA stiffness ≥0.76% in cardiac events in HFmrEF; d) PALS ≤ 16 in predicting cardiac events 
in HFmrEF patients. 
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Classification and Regression Tree Analyses  

The rank order of single or combined echo parameters to predict CE was derived using the 

statistical method. The LASt ≥ 99% was detected as the root node which identified 55 out of 78 

with 70% sensitivity, 91% specificity and 85% accuracy. E/e’ ≥ 13 OR PAPs > 35 mmHg was 

generated as second decision node with 60% sensitivity, 96% specificity and 82% accuracy. 

Patients who did not fulfil this criterion were considered without CE, and no further criteria were 

needed. For the remaining patients, CART analysis generated a third complex node that made DT 

< 120 and E/A > 2 predict CE which identified five out of nine with 52% sensitivity, 90% 

specificity and 81% accuracy. 

 

In addition, the CART sub-analysis was also performed in the two groups of patients according to 

ejection fraction; HFrEF and HFmrEF. In HFrEF patients, the first node included LASt ≥ 99%, 

which identified 48/69 patients with CE and 73/95 without CE, with 86% sensitivity, 78% 

specificity and 82% accuracy. The second node was DT < 120 and E/A > 2, with 71% sensitivity, 

50% specificity and 56% accuracy.  

 

Finally, the E/e’ ≥ 13 OR PAPs > 35 mmHg identified 5/7 with CE and all three patients without 

CE, with 58%, 100% specificity and 70% accuracy. In a similar way, the first node in HFmrEF 

was LASt ≥ 99%, which identified 5/9 patients with CE with 57% sensitivity, 84% specificity and 

79% accuracy. The second node was DT <120 and E/A >2 with 52% sensitivity and 84% 

specificity. In addition, the E/e’ ≥ 13 OR PAPs > 35 mmHg as third node corrected the diagnostic 

accuracy having identified 9/15 patients with CE and 23/28 without CE, with 65% sensitivity, 82% 

specificity and 70% accuracy (Figure 24, Table 19). 
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Figure 24. Echo predictors of CE based on CART analysis.  

(a) All HF patients; (b) HFmrEF patients; (c) HFrEF patients; CE: cardiac events; CART: Classification 
and Regression Tree Analyses. 
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Table 19. Diagnostic accuracy of echocardiographic parameters in predicting CE in HF 

patients. 

Variables Sensitivity  Specificity PPV NPV Accuracy 
All patients      
LASt ≥ 99% 70 (59–80) 91 (87–97) 85 (76–92) 84 (80–88) 85 (74–92) 
E/e’ ≥ 13 OR PAPs > 35 
mmHg 66 (53–77) 96 (88–99) 93 (82–98) 81 (74–87) 82 (79–89) 

DT <120 ms and E/A >2 52 (18–84) 90 (79–96) 42 (22–65) 85 (74–92) 81 (73–87) 
HFmrEF      
LASt ≥ 99% 57 (28–86) 84 (70–93) 45 (25–66) 90 (82–95) 79 (67–89) 
E/e’ ≥ 13 OR PAPs > 35 
mmHg 65 (36–87) 82 (63–93) 65 (44–81) 82 (69–90) 76 (61–88) 

DT <120 ms and E/A >2 52 (18–93) 84 (69–93) 25 (12–48) 95 (87–98) 81 (67–91) 
 
HFrEF 

     

LASt ≥ 99% 86 (75–91) 78 (67–85) 70 (61–77) 93 (87–97) 82 (75–88) 
E/e’ ≥ 13 OR PAPs > 35 
mmHg 58 (20–88) 100 (29–100) 100 (90–

100) 50 (30–70) 70 (35–93) 

DT <120 ms and E/A >2 71 (42–91) 50 (37–60) 37 (20–34) 88 (75–94) 56 (42–65) 
 

LASt: Left atrial stiffens; LV: left ventricle; PAPs: pulmonary artery systolic pressure HFrEF; 
Heart failure reduced ejection fraction; HFmrEF: Heart failure mid-range ejection fraction. 
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Study IV 

Clinical and echocardiographic data  

One hundred thirty-six patients were included in the study, with a mean follow-up period of 56 ± 

35 months (Figure 10). Patients’ mean age was 66 ± 11 years, 29% were females, NYHA class 

1.92 ± 0.73 and 84.6% had raised BNP >125pg/ml. 41% of patients were hypertensives, 26.5% 

diabetics and 33.1% had chronic renal failure. Functional mitral regurgitation was present in 28 

patients (20.6%) (Table 20). 

Clinical and echocardiographic data of patients with and without DM 

In sub-analysis based on the presence of DM, age, gender, LV dimension, function and BNP level 

did not differ between patients with and without DM. Patients with DM had higher NYHA 

functional class, impaired longitudinal systolic RV function, higher LV E/e’ ratio and LA stiffness 

(p<0.005 for all) compared to those without DM (Table 20).  

Clinical and echocardiographic data of patients with and without increased LASt 

We also compared the clinical and echocardiographic data based on increased LA stiffness. 

Patients with increased LASt had significantly larger LV dimensions and volumes, higher E/e’ 

ratio, reduced contraction function and reduced RVe’ (p < 0.05 for all) compared to those with 

normal LASt. In the same way, LA volumes were increased and LA strain was reduced in this 

group of patients (Table 21).  
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Table 20. Baseline clinical and echocardiographic characteristics of HFrEF patients with and 

without DM. 

 Variable HFrEF HFrEF, DM- HFrEF DM+ P value 
 (n=136) (n = 100) (n=36)  
Clinical data     
Age (years) 65 ± 11 64 ± 12  66 ± 7.9 0.76 
Sex (female, n, %) 29 (21.3) 22 (22) 7 (19.4) 0.09 
NYHA class 1.92 ± 0.73 1.83 ± 0.7 2.17 ± 0.7 0.01 
AH (n, %) 56 (41.2) 41 (41) 15 (41.6) 0.45 
CRF (n, %) 45 (33.1) 33 (33) 12 (33.3) 0.78 
Hemoglobin (g/dl) 13.3 ± 1.8 13.5 ± 1.8 12.9 ± 1.7 0.12 
Creatinine (mg/dl) 113 ± 3.7 113 ± 3.6 113 ± 4.1 0.97 
BNP pg/ml 481± 54 479± 50 495 ± 44 0.86 
BNP>125 (n, %) 115 (84.6) 113 (72) 52 (89.6) 0.001 
Echocardiographic data    
LV EDD (cm) 6.2 ± 0.7 6.2±0.7 6.3 ±0.7 0.51 
LV ESD (cm) 5.0 ± 0.9 5.0 ± 1.0 5.0 ± 0.7 0.87 
EDV (ml) 203 ± 57 204 ± 58 204 ± 57 0.79 
ESV (ml) 141 ± 49 143 ± 50 138 ± 46 0.60 
LV EF (%) 31.4 ± 6.7 31 ± 7.1 32 ± 5.3 0.43 
E/e' ratio 15.5± 7.6 14.7± 6.6 18.1 ± 9.6 0.02 
E wave DT (msec) 175 ± 64 183 ± 67 152 ± 52 0.01 
TAPSE (cm) 18.5 ± 3.6 19 ± 3.7 17.1 ± 3.3 0.02 
PAPS 38 ± 11 36 ± 10 43 ± 12 0.001 
Mitral regurgitation (n, %) 28 (20.6) 20 (20) 8(22.2) 0.11 
LAV max (ml) 80 ± 34 77 ± 31 89 ± 40 0.06 
LAVI max (ml/m2) 42 ± 17 40.5± 16 46.3 ± 18 0.08 
LA strain 17.9 ± 9.1 18.8 ± 8.8 16.1 ± 9.9 0.14 
LASt (%) 1.3 ± 0.9 1.09 ± 0.9 1.9 ± 2.1 0.002 

HFrEF: heart failure reduced ejection fraction; DM: diabetes mellites; (+): diabetes mellites; (-): no 
diabetes mellites; NYHA: New York Heart Association; AH: arterial hypertension; DM: diabetes mellitus; 
CRF: chronic renal failure; LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic 
dimension; EDV: end-diastolic volume; ESV: end systolic volume; TAPSE: tricuspid annular plane systolic 
excursion; LA: left atrium; LAV max/LAVI max: Left atrial maximal volume/indexed;  
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Table 21. Baseline clinical and echocardiographic characteristics of HFrEF patients with and 

without increased LASt. 

Variable HFrEF HFrEF, LASt- HFrEF LASt+ P value 
 (n=136) (n = 68) (n=68)  
Clinical data     
Age (years) 65 ± 11 65± 11  64 ± 11 0.88 
Sex (female, n, %) 29 (21.3) 20 (29.4) 9 (13.2) 0.02 
NYHA class 1.92 ± 0.73 1.84 ± 0.7 2.0 ± 0.7 0.19 
AH (n, %) 56 (41.2) 29 (42.6) 27 (39.7) 0.09 
CRF (n, %) 45 (33.1) 17 (25) 28 (41.2) 0.001 
DM (n, %) 36 (26.5) 14 (20.5) 22 (32.3) 0.21 
Hemoglobin (g/dl) 13.3 ± 1.8 13.5 ± 1.8 13.1 ± 1.7 0.32 
Creatinine (mg/dl) 113 ± 3.7 104 ± 3.6 122 ± 4.1 0.007 
BNP pg/ml 481± 54 406± 44 561 ± 52 0.06 
BNP>125 (n, %) 115 (84.6) 56 (82.3) 59 (86.7) 0.11 
Echocardiographic data    
LV EDD (cm) 6.2 ± 0.7 6.0±0.7 6.4 ±0.7 0.02 
LV ESD (cm) 5.0 ± 0.9 4.7 ± 1.0 5.2 ± 0.7 0.03 
EDV (ml) 203 ± 57 187 ± 44 220 ± 64 0.002 
ESV (ml) 141 ± 49 126 ± 38 157 ± 54 <0.001 
LV EF (%) 31.4 ± 6.7 33 ± 5.5 29 ± 5.5 0.001 
E/e' ratio 15.5± 7.6 11.7± 4.0 19.1 ± 8.3 <0.001 
E wave DT (msec) 175 ± 64 189 ± 70 161 ± 55 0.01 
TAPSE (cm) 18.5 ± 3.6 19 ± 3.2 17 ± 3.7 0.009 
PAPS 38 ± 11 35 ± 9.1 41 ± 12 0.002 
Mitral regurgitation (n, %) 28 (20.6) 6 (8.82) 22 (32.3) 0.01 
LAV max (ml) 80 ± 34 68 ± 24 92 ± 38 0.001 
LAVI max (ml/m2) 42 ± 17 36± 12 47 ± 19 0.001 
LA strain 17.9 ± 9.1 24 ± 8.1 12 ± 5.1 <0.001 
LASt (%) 1.3 ± 0.9 0.52 ± 0.2 2.1 ± 1.7 <0.001 

HFrEF: heart failure reduced ejection fraction; LASt: left atrial stiffness; (+): left atrial stiffness increased; 
(-): left atrial stiffness no increased; NYHA: New York Heart Association; AH: arterial hypertension; DM: 
diabetes mellitus; CRF: chronic renal failure; LV: left ventricle; EDD: end-diastolic dimension; ESD: end-
systolic dimension; EDV: end-diastolic volume; ESV: end systolic volume; TAPSE: tricuspid annular plane 
systolic excursion; LA: left atrium; LAV max/LAVI max: Left atrial maximal volume/indexed; 
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The impact of combined DM and LASt on Clinical & echocardiographic data  

Patients with neither DM nor increased LASt had smaller LV dimensions (p < 0.05 for all), lower 

E/e’ ratio (p < 0.001), smaller LA volumes (LAV max and LAVI max; p = 0.01 for both) and 

higher LA strain (p < 0.001) compared to the other groups. Whereas patients with raised LASt, 

irrespective of DM had similar rise in E/e’ratio (p < 0.001) and in addition, had larger LVESV 

(p=0.03), larger LA volumes (LAV max and LAVI max; p = 0.01 for both) and worse LA function 

(LA strain; p < 0.001) compared to the two groups with normal LASt (Table 22). 

 

Cardiac events  

After a mean follow-up of 55 ± 37 months, 26 (19.1%) patients died. Throughout the follow-up, 

51 (37.5%) experienced at least one CE and 25 (18.4%) hospitalization (Table 23). At follow-up, 

the CE free survival was 69% in no DM patients and 44.4% in DM patients (X2 12.7; p < 0.0001, 

Figure 25).  

The CE free survival was lower in patients with increased LASt compared to normal LASt, (50 

versus. 80%, p < 0.001), irrespective of the presence of DM (27 versus. 71%, p < 0.001). The best 

cut-off value of LASt for predicting CE in the group as a whole was ≥ 0.82% [81% sensitivity, 

72% specificity and AUC 0.82 (p < 0.001)]. LASt ≥ 0.82% also predicted CE in no DM patients 

[78% sensitivity, 71% specificity and AUC 0.80 (p < 0.001)] and was a stronger predictor in DM 

patients [85% sensitivity, 71% specificity and AUC = 0.847 (p < 0.001)] (Figure 26). 
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Table 22. Comparison of clinical and echocardiographic data of HFrEF with and without 
DM/LASt.   

 Variable Gr-I Gr-II Gr-III Gr-IV P 
 DM-, LAST- DM-, LAST+ DM+, LAST- DM+, LAST+ value 
 (n = 54) (n = 46) (n = 14) (n=22)  
Clinical data      
Age (years) 64 ± 12 64 ± 12 66 ± 9.1 67 ± 7.2 NS 
Sex (female, n, %) 15 (27.7) 7 (15.2) 5 (35) j 2 (9.1) i,l 0.02 
NYHA class 1.81 ± 0.6 1.85 ± 0.7 2.0 ± 0.7 2.27 ± 0.7 NS 
AH (n, %) 21 (38.9) 20 (43.5) 8 (57.4) 7 (31.8) l 0.03 
CRF (n, %) 13 (24.1) 20 (43.4) g 4 (28.6) 8 (36.3) 0.01 
Hemoglobin (g/dl) 13.4 ± 1.8 13.5 ± 1.8 13.6 ± 1.7 12.9 ±1.9 NS 
Creatinine (mg/dl) 105 ± 3.3 123 ± 3.4 103 ± 3.3 119 ± 3.4 NS 
BNP pg/ml 403± 46 569± 53 397 ± 37 558 ± 48 NS 
BNP>125 (n, %) 43 (79.6) 41 (89.1) 12 (85.7) 19 (86.3) NS 
Echocardiographic data     
LV EDD (cm) 5.9 ± 0.7 6.4±0.7 g 6.2 ±0.6 6.3 ±0.7 0.03 
LV ESD (cm) 4.7 ± 1.1 5.2 ± 0.8 4.9 ± 0.7 5.1 ± 0.8 NS 
EDV (ml) 190 ± 47 220 ± 65 181 ± 35 214± 65 NS 
ESV (ml) 129 ± 40 158 ± 57 g 121 ± 21 j 150 ± 51 0.03 
LV EF (%) 32± 6.8 29 ± 7.2 34 ± 4.9 j 30 ± 5.1 0.04 
E/e' ratio 11.5± 3.9 18.6± 7.2 a 12.4 ± 4.8 d,f 21.6 ± 10 c,e <0.001 
E wave DT (msec) 194 ± 71 172 ± 60 174 ± 64 137 ± 36j 0.003 
TAPSE (cm) 19± 3.5 17 ± 3.7 19 ± 2.5 18 ± 3.6 NS 
PAPS, mmHG 35 ± 9.8 38 ± 11 37 ± 9.1 47 ± 12 c,k,l 0.002 
Mitral regurgitation  6 (11.1) 14 (30.4) g 0 (0) h, j 8 (36.3) i,l 0.01 
(n, %)      
LAV max (ml) 68 ± 24 89 ± 35 g 73 ± 24 j 99 ± 45 i,l 0.01 
LAVI max (ml/m2) 36 ± 13 46± 17 g 38 ± 12 j 51 ± 22 i,l 0.01 
LA strain, % 23.8 ± 7.9 12.6 ± 5.3 a 25.3 ± 9.1d 10.2 ± 4.6 c,e,f <0.001 
LASt (%) 0.54 ± 0.2 1.73 ± 1.1a 0.52 ± 0.16 j 2.8 ± 2.3 c,f,k <0.001 

    Legend:   a) P <0.001; Gr. I vs II          b) P <0.001; Gr. I vs III        c) P <0.001; Gr. I vs IV,   
                    d) P<0.001; Gr. II vs III         e) P<0.001; Gr. II vs IV       f) P<0.001; Gr. III vs. IV    
 
                    g) P <0.05; Gr. I vs II            h) P <0.05; Gr. I vs III          i) p <0.05; Gr. I vs IV 
                    j) P<0.05; Gr. II vs III           k) P<0.05; Gr. II vs IV          l) P<0.05; Gr. III vs. IV 

Group-I (DM-, LASt-): HFrEF without DM and without increased LASt; Group-II (DM-, LAST+): HFrEF 
without DM and with increased LASt; Group-III (DM+, LASt-):HFrEF with DM and without increased 
LASt; Group-IV (DM+, LASt +): HFrEF with DM and with increased LASt; DM: diabetes mellitus; NYHA: 
New York Heart Association; AH: arterial hypertension; DM: diabetes mellitus; CRF: chronic renal 
failure; LV: left ventricle; EDD: end-diastolic dimension; ESD: end-systolic dimension; EDV: end-
diastolic volume; ESV: end systolic volume; TAPSE: tricuspid annular plane systolic excursion; LA: left 
atrium; LAV max/LAVI max: Left atrial maximal volume/indexed. 
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Figure 25. Survival free from CE in HFrEF patients. 

a) Survival free from CE in all HFrEF patients with and without DM (X2 12.7; p< 0.0001); b) Survival free 
from CE in patients CE in different groups of HFrEF: 1. HFrEF without DM and without increased LASt; 
2. HFrEF without DM and with increased LASt; 3. HFrEF with DM and without increased LASt; 4. HFrEF 
with DM and with increased LASt (X2 12.7; p < 0.0001). 
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Table 23. Rate of outcomes in HFrEF patients with and without DM 

End point Overall DM- DM+ LAST- LAST+ 

CE 51 (37.5%) 31 (31%) 20 (55.5%) 12 39 

Death 26 (19.1%) 15 (15%) 11 (30.5%) 6 20 

Hospitalization 25 (18.4%) 16 (16%) 9 (25%) 6 19 

 Overall DM-, LAST- DM-, LAST+ DM+, LAST- DM+, LAST+   

CE 51 (37.5%) 8 (14.8) 23 (50%) 4 (28.5) 16 (72.7) 

Death 26 (19.1%) 3 (5.55) 12 (26.1) 3 (21.4) 8 (36.3) 

Hospitalization 25 (18.4%) 5 (9.25) 11 (23.9) 1 (7.14) 8 (36.3) 

DM-: without diabetes; DM+: with diabetes; LASt-: without increased LASt; LASt+: with 
increased LASt. DM: Diabetes mellitus; LASt: Left atrial stiffness; CE: cardiac events (Death and 
hospitalization). 
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Figure 26. A best cut off of in predicting CE;  

a) LASt ≥0.82% in predicting CE in HFrEF patients; b) LASt ≥0.82% in predicting CE in HFrEF 

and DM patients; c) LASt ≥0.82% in predicting CEs in HFrEF and no DM patients 
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Impact of DM on CE in patients with increased LASt  

Cardiac events were significantly higher in patients with increased LASt compared to those with 

normal LASt (59% vs.17.2%; p <0 .001). CE in patients with DM were more than in no DM 

(58.3% versus. 31.0%; p =0 .001). In addition, when DM was tested as a potential confounder to 

increased LASt, the CE were higher compared to increased LASt alone (73.9 vs. 30.7; p < 0.001). 

The prevalence of CE was also higher when DM was included in the model (51% versus. 38%; p 

< 0 .001) (Table 24).  

 

 

Table 23. The impact of LASt and DM in cardiac events 

             DM+ vs DM- LASt+ vs. LASt- DM+, LASt+ 
   vs. DM-LASt- 
CE+ vs. CE- (%) 58.3 vs. 31.0, p=0.001 59 vs.17.2, p<0.001 73.9 vs. 30.7, p<0.001 
RR 1.88 (1.25-2.81p=0.001) 3.32 (1.35-8.16, p=0.008) 3.90 (2.40-6.64, p<0.001 
PPV (%) 58.3 (44.3–71.1) 69.1 (58.7 - 77.9) 74.0 (58.4 - 85.1) 
NPV (%) 69.5 (63.5–73.9) 82.7 (75.1-88.3) 77.8 (58.1-89.8) 
Accuracy (%) 66.2 (57.5 - 74.1) 76.1 (59.7– 87.6) 77.2 (69.2– 83.9) 
Prevalence of CE (%) 38.3 (30.1 - 46.9) 38.2 (30.0 - 44.7) 51.2 (35.1 - 67.1) 

 
DM: Diabetes mellitus; LASt: Left atrial stiffens; CE: Cardiac events; (+): presence; (-): absence: RR: 
relative risk; PPV: positive predictive value; NPV: negative predictive value. 

 

 

 

 

 

 



 
 

85 

Reproducibility  

Study II  

The reproducibility of LA expansion index measurement and coefficient of variation (CV) was 

calculated in 10 random patients by two independent operators, blinded to each other's 

measurements. The CV was < 10% consistent with low variability and safe measurements, (134) 

(Table 24).  

Study III and IV 

The reproducibility of LASt measurements included patients in study II and III was calculated in 

15 random patients by two independent operators blinded to each other’s measurements. The 

coefficient of variation results with low variability and safe measurements (Table 25 & 26).  

 
 
Table 24. Coefficient of variation of LA expansion index in HF patients 
 
Population Mean  SD (CV) 
N1 .97 .01 .01 
N2 .73 .12 .16 
N3 .81 .04 .04 
N4 .43 .03 .06 
N5 .81 .09 .11 
N6 .38 .01 .02 
N7 .37 .06 .16 
N8 .88 .09 .10 
N9 .38 .11 .28 
N10 .72 .04 .05 
All 0.65 0.06 0.092 (9.2%) 

(9.6%) 
CV: Coefficient of variation; SD: standard deviation 
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Table 25. Coefficient of variation of LASt in HFrEF and HFmrEF 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

CV: Coefficient of variation; SD: standard deviation 

 
 
Table 26. Coefficient of variation of LASt in HFrEF 

 

 

 

 

 

 

 

                               

CV: Coefficient of variation; SD: standard deviation 

Population Mean SD CV % 
N1 .65 .11 .16 
N2 .49 .04 .00 
N3 .48 .01 .02 
N4 .41 .04 .09 
N5 .73 .09 .12 
N6 .55 .11 .19 
N7 .68 .03 .04 
N8 .71 .09 .12 
N9 .58 .06 .10 
N10 .98 .11 .11 
N11 .83 .07 .08 
N12 .59 .01 .01 
N13 .77 .04 .05 
N14 .58 .11 .18 
N15 .98 .03 .03 
All 0.69 0.06 0.086 (8.6%) 

Population Mean  SD (CV) 
N1 1.02 .12 .12 
N2 .47 .01 .02 
N3 .96 .22 .23 
N4 .31 .04 .12 
N5 .43 .03 .01 
N6 .43 .09 .20 
N7 .48 .11 .13 
N8 .77 .06 .08 
N9 .58 .09 .16 
N10 .48 .11 .14 
N11 .72 .18 .05 
N12 .38 .00 .00 
N13 1.03 .04 .04 
N14 1.16 .14 .12 
N15 .81 .09 .06 
All 0.61 0.08 0.096 (9.6%) 
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DISCUSSION 

Study I 

The invasive haemodynamic measurements of cardiac pressures have been the essential 

parameters for the diagnosis and evaluation of cardiovascular disease for many decades. However, 

such pressure measurements are known for potential risk of many complications from their 

invasive nature and technical limitations [135]. Although, PCWP as indirect reflection of LA 

pressure has become widely used in clinical practice [136], its technical challenges as well as 

invasive nature restrict the routine use of PCWP in daily clinical practice [76, 77]. On the other 

hand, LA structure and function can now easily and thoroughly asessed using echocardiography. 

This is because of the significant technological improvement in image resolution and increased 

accuracy of different measurements, particularly the myocardial deformation [137]. We conducted 

this meta-analysis to assess the direct relationship between LA structure and function with PCWP 

and their accuracy.  

Findings: The main findings in this study are summarized as follows: 1) Significant relationships 

between LA cavity and function measurements with PCWP; b) LA function measurements 

compared to LA anatomical measurements were significantly stronge, particularly the relationship 

between LA contraction strain and PCWP; c) PALS ≤ 19% was more superior than LAVI ≥ 34 

ml2 in predicting elevated PCWP; d) Based on the diagnostic odds ratios, the best cut-off values 

for predicting PCWP >15mmHg in descending order were; PALS ≤ 19% (DOR 15.1), LA area > 

20 cm/m2 (DOR 13.0), LAVI ≥ 34ml/m2 (DOR 10.1), LAEF ≤ 35% (DOR 9.95) and LAD ≥ 46mm 

(DOR 5.41). E/e’ was significantly inferior than the above markers of LA size and myocardial 

function in predicting cavity pressure. 

Data interpretation 

Relationship between left atrial structure and function with PCWP 

The relationship between LA pressure and size is clearly established with documentations going 

back for half a century [138]. In contrast to the thicker wall of LV which in response to high 

pressure becomes even thicker, the thinner wall of LA will be dilated. Similarly, increased LA 

volume reflects the chronicity and severity of LA pressure [139]. However, because of the raised 
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LA pressure and increased volume, the intracavitary circulation becomes sluggish and 

subsequently causes raised pulmonary venous pressure, venous distention and hence raised wedge 

pressure. This mechanism explains the accurate reflection of PCWP of the significant rise, rather 

than only mild changes, in cavity pressure, for which the LA and venous system compensate by 

enlargement [140]. This fact explains our results of the modest relationship between LA size and 

PCWP.  On the other hand, raised LA pressure leads to raised wall stress which have direct effect 

on myocardial function, irrespective of cavity size. It has been previously reported that 

compromised LA myocardial deformation in patients with systemic hypertension and paroxysmal 

atrial fibrillation occurred despite its normal cavity size [141]. Our analysis confirms those 

findings in showing that reduced LA strain is the strongest correlate with PCWP compared to LA 

size. In addition, our findings show that compared to PALS, PACS had a stronger correlation with 

PCWP. PACS directly reflects LA contraction and is affected by the extent of increase of wall 

stress caused by raised pressure, while PALS reflects chronic effect of increased cavity pressure 

thus compromised LA strain during atrial contraction is a more sensitive marker of myocardial 

dysfunction [142].  

The strongest LA structure and function parameters in predicting PCWP  

To strengthen the argument further that LA function was more accurate than LA size for predicting 

elevated PCWP, diagnostic odds ratio was used as statistical power for predicting elevated PCWP, 

again PALS was superior to other LA structure parameters. The weak accuracy of LA diameter in 

predicting PCWP could be explained on the basis of the asymmetrical cavity that influences 

measurements accuracy [143]. The same principle applies to the inferior accuracy of E/e’ in 

predicting PCWP, with the e’ being a measure of ventricular lengthening velocity, rather than an 

atrial equivalent. Finally, the accuracy of PCWP in predicting fluctuations of LA pressure cannot 

be ascertained [144].  

Clinical implication  

LV filling velocities have been used to assess raised left ventricular filling pressure. Similarly, this 

meta-analysis provides an accurate quantitative assessment of LA pressures with accurate 

predictors of elevated PCWP based on invasive measurements obtained from many centers. In 
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addition to LA structure measurements, myocardial deformation, particularly during left 

ventricular systole seem to be the most accurate predictor of raised PCWP >15 mmHg  

Study II 

Heart failure with preserved ejection fraction (HFpEF) encompasses a heterogenous group of 

patients with poor clinical outcome, decreased quality of life and functional capacity but still no 

specific treatment has provided effective [145, 146]. Despite the most accurate surrogate of 

functional capacity is peak oxygen uptake, the 6-MWT is an accurate, simple and widely used test 

in daily clinical practice [147]. Different indices of cardiac structure and function have been 

reported as predictors of 6-MWT. 

 

Findings: The results of this study show the LA compliance index was the most powerful 

independent predictor of poor exercise capacity in HFpEF patients. Patients with HFpEF and 

combined RV dysfunction had more compromised 6-MWT than those with maintenance RV 

function.  

 

Data interpretation: Despite similar LV EF, our findings show clearly that patients with reduced 

RV function had compromised LV longitudinal systolic function, compromised diastolic function, 

myocardial hypertrophy, and impaired atrial compliance as well as limited exercise capacity.  

These findings are not independent but obviously interrelated. Firstly, it has been confirmed that 

older age, worse hypertension and anemia, as clinical factors that were worse in the RV 

dysfunction group and have impact on LV subendocardial function. Also, the reduced LV 

subendocardial function is known implicate compromised LA emptying fraction, which raises its 

cavity pressure and eventually affect RV function [90, 148].  Secondly, long standing raised LA 

pressure and reduced emptying fraction increase wall stress and leads to reduced compliance in 

similar fashion to what happens in the LV in patients with pressure afterload e.g. aortic stenosis 

and systemic hypertension [149]. Moreover, TAPSE which is known to predict 6-MWT failed to 

behave in the same way in these patients, suggesting that the additional development of stiffness 

of LA is the main limiting step for poor exercise capacity [150]. This is further supported by our 

multivariate analysis, in which we found that LA reduced compliance was the main predictor of 

exercise capacity in HFpEF patients. Finally, the direct relationship between LV subendocardial 
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function and that of the LA longitudinal myofibrils through their common insertion site i.e. the 

mitral annulus, supports the mutual disturbances we identified as shown by the additional 

reduction of a’ velocities at all LV sites [151]. 

Clinical implication 

Our findings show that impaired LA compliance index was associated with limited exercise 

capacity in HFpEF, particularly in patients with concomitant RV dysfunction. It is expected that 

the decreased LA compliance had contributed to the impairment of functional capacity through 

increased atrial pressure and a retrograde pressure transmission to the pulmonary veins leading to 

right heart pressure overload. This finding strengthens further the importance of LA function 

assessment in HFpEF patients, especially when they have evidence for additional RV dysfunction.  

Study III 

Previous studies reported the calculation of LA stiffness as ratio of invasively measured PCWP to 

LA systolic strain [75]. However, because of technical limitations of measuring PCWP, recent 

non-invasive calculation of LASt through E/’e ratio to LA strain has become a feasible non-

invasive tool for estimating LA compliance [78, 79, 80]. 

Findings: This study show that: 1) LA stiffness, PALS and NYHA class predicted cardiac events 

in HF patients with reduced and mid-range EF; 2) LA stiffness was superior in predicting cardiac 

events in these HF patients, irrespective of EF; 3) LA stiffness was related to raised LA pressure 

and the two were related to the occurrence of clinical cardiac events.  

Data interpretation: The findings of this study show that compromised LA function in the form 

of reduced myocardial strain and increased LA stiffness is associated with signs of raised cavity 

pressures, estimated non-invasively using Doppler markers. These disturbances in LA structure 

and function proved to be the main discriminatory factors between patients who developed cardiac 

events and those who remained stable. In the same group of patients with cardiac events the LV 

was larger with worse systolic function that supports another important evidence of LA-LV 

function interaction [152]. Moreover, irrespective of the underlying pathology, the phenotypic 

severity of LV dysfunction seems to be the main cause that leads to worsening of LA function and 
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stiffness [153]. Reduced LV systolic function has been shown to associate with incompliant cavity. 

Increased stiffness in diastole is associated with raised diastolic pressure which leads to the 

perpetual rise of LA pressure, volume and myocardial stretch [154]. These structural disturbances 

change intrinsic properties of walls of LA, increased stiffness and fibrosis. Thus, these 

abnormalities cause dilatation of mitral annulus, worsening mitral regurgitation, pulmonary 

venous hypertension and, later on, pulmonary arterial hypertension. Furthermore, these 

abnormalities become irreversible, with worsening symptoms, secondary implications on right 

heart structure and function and deterioration of overall cardiac performance, reduced stroke 

volume and cardiac output, with limited benefit from medical treatment [155, 156].  

Our results summarize such pathophysiological scenario and its relationship with clinical outcome 

in the way of repeated HF-related hospitalization and increased mortality. We adhere with previous 

studies which reported how individual markers of cardiac chamber function are related and become 

more dependent on each other in severe disease, in order to maintain a satisfactory stroke volume 

[157]. We believe that our study is the first to demonstrate the importance role of non-invasive 

stiffness derived by speckle tracking echocardiography in predicting cardiac events in heart failure. 

Clinical implications  

Our findings show that increased LA stiffness is strongly associated with increased cardiac events. 

It is expected that increased LA stiffness could have contributed to the impairment of quality of 

life through perpetual increase in LA pressure and its retrograde transmission to the pulmonary 

circulation. Therefore, in patients in whom spectral Doppler markers of raised LA pressure may 

fail to ascertain raised filling pressures, LA stiffness measurements could add important 

information about the need for optimal LA pressure lowering strategies, which if ignored are 

known for their impact on subendocardial circulation and arrhythmias, which could be life 

threatening [158]. Thus, our findings emphasis the important role of routine incorporation of LA 

function assessment using various available Doppler echocardiographic techniques in daily 

assessment of patients with HFrEF and HFmrEF.  
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Study IV 

In addition to structural changes, the LA cavity remodelling and dysfunction play an important 

role in HF patients with reduced ejection fraction. As impaired LA function leads to raised 

pulmonary venous pressure and increased LA stiffens, as marker of myocardial fibrosis [159], 

diabetes might serve as another sensitive marker of worsening clinical outcome in these patients.  

 

Findings: The main findings in this study are summarized as follows: a) HFrEF patients without 

diabetes or increased LA stiffness had smaller LV dimensions and volume, smaller LA dimensions 

and better LA function compared to other groups; b) patients with increased LA stiffness have 

raised LV filling pressures and worse LA and RV cavity functions; and c) the cardiac events-free 

survival is lower in patients with increased LA stiffness, particularly in those with DM. 

Data interpretation:  

Our study shows that in HFrEF patients, LV diastolic function and LA function were less 

compromised in patients with no diabetes or increased atrial stiffness compared to those with 

diabetes and/or increased LA stiffness. Increased atrial stiffness is related to LA cavity 

enlargement and compromised intrinsic myocardial properties. In the absence of significant mitral 

valve disease, such changes reflect raised LV filling pressure [154, 159]. In long-term disease, LA 

response to increased cavity pressure is its enlargement, remodelling and finally fibrosis. In 

addition, these changes worsen LA contraction and stiffness which may lead to pulmonary venous 

hypertension. Our results confirm such patho-mechanism in showing worse LA function as signs 

of raised cavity pressure in patients with increased LA stiffness. When diabetes is included as 

additional factor similar disturbances occur but worse. It is generally known that diabetes is an 

important risk factor for coronary and peripheral vascular disease [160]. Thus, irrespective of the 

status of the coronary circulation, the results of our patients show that diabetes constitutes an 

additional risk for worsening LA function, probably through microcirculation disease [161]. 

Finally, our results show that raised LASt is the strongest predictor of cardiac events in HFrEF 

patients, especially in those with diabetes.   

It has been reported that a stiff left atrium cannot accommodate raised cavity pressure, particularly 

in systole, irrespective of mitral regurgitation. The cavity pressure is transmitted retrogradely to 
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the pulmonary venous circulation and the right heart, with resulting right ventricular function 

disturbances, fluid retention and frequent hospitalization. In addition, our results strengthen this 

proposed pathophysiology further in showing additional right ventricular systolic dysfunction in 

the group of patients with raised LA stiffness, particularly those with diabetes [162, 163]. 

Clinical implications 

Our findings show that increased LA stiffness is associated with lower cardiac events-free survival 

particularly in patients with diabetes. The association of LASt with cavity enlargement and raised 

pressures, urge clinical pressure off‐loading treatment, for example with vasodilators, in patients 

with signs of raised LA pressure before further worsening dysfunction which may become 

intractable. Indeed, we and others have previously shown that patients with raised LA pressure do 

badly compare with those with normal LA pressure, particularly those who demonstrate 

persistently raised LA pressure at fast heart rate, which suggests poor diastolic reserve [164]. 

Finally, LA stiffness may serve as a good explanation of symptoms and prognosticator in patients 

with HF and reduced ejection fraction. 
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LIMITATIONS 

Study I 

Although, the pooled analyzed of effect size was calculated in patients with different underlying 

pathologies, because they all shared the same methods for assessing LA structure and function, so 

results are unlikely to have been influenced by different diseases. This raises another limitation 

which is our inability to study the effect of underlying pathology in different groups because of 

the resulting small sample volume that would limit the strength of the findings. Another limitation 

was the limited data to test the interaction of age and regular training in the included studies that 

could have contributed LA enlargement.  

Study II 

The relatively small number of patients is an important limitation of this study, in view of the 

known heterogeneity of this syndrome. The assessment of LA intrinsic myocardial function by 

speckle tracking echocardiography could have also improved better estimation of LA function and 

stiffness, but this facility was not available. Likewise, the duration of hypertension was not 

accurately known in patients; hence, its direct relationship with the cardiac disturbances we 

discussed cannot be assessed. Moreover, our Doppler echo measurements lacked pulmonary 

venous flow velocities and isovolumic relaxation time as important echocardiographic indices in 

this condition.  

Study III 

The relatively small number of patients as well as heterogenous underlying pathology limited the 

classification of patients into subgroup for further comparisons. Another limitation is the lack of 

LV deformation assessment, which could have added an important arm in the analysis and 

prediction of clinical outcome. We did not test the potential influence of medication on the results 

since they are not shared between all patients. All patients were in sinus rhythm so our results are 

likely to have limited application in patients with atrial fibrillation. Likewise, the relevance of our 

findings in HF patients with significant mitral regurgitation needs to be retested, since our findings 
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concern raised LA pressure due to pressure factors rather than volume impact. Equally important 

is the potential application of our findings in patients with HFpEF remains to be confirmed.  

Study IV 

The relatively small number of patients is an important limitation of this study, particularly with 

analysis and comparisons made between four subgroups. Likewise, the lack of duration of raised 

LASt and DM, factors which could influence their predictive accuracy of clinical events.  

The presence and nature of coronary artery disease were not available for all patients, who 

presented with clear clinical signs and symptoms of heart failure which we think took over the 

priority for management and prognostication. 
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CONCLUSIONS 

Study I 

Increased LA size and reduced myocardial function predict raised cavity pressure. These results 

should assist in optimum follow-up of patients with fluctuating LA pressure.  

Study II 

Impairment in LA compliance was profound in patients with HFpEF and RV dysfunction, 

irrespective of atrial fibrillation, and played an important role in predicting the limited exercise 

capacity in the patient population.  

Study III 

In ambulatory HFrEF and HFmrEF patients, LA stiffness proved the most powerful predictor of 

clinical outcome, particularly in patients with clear Doppler signs of raises LV filling pressures.  

Study IV 

High LA stiffness is associated with poor clinical outcome in patients with HFrEF. Diabetes has 

an additional incremental value in determining clinical outcome in those patients. 
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